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PREFACE   TO  THE   THIRD   EDITION 


In  the  six  years  that  have  elapsed  since  the  publication  of  the  second 
edition  of  this  book  there  have  been  large  additions  both  to  theoretical 
knowledge  and  to  the  practical  arts  of  Badiotelegraphy  and  Eadio- 
telephony.  Hence,  in  preparing  for  the  press  a  new  edition,  the 
Author  has  found  it  necessary  to  make  very  considerable  alterations 
and  additions. 

This  third  edition  is  therefore  by  no  means  merely  a  reproduction 
of  the  second,  but  the  book  has  been  in  great  part,  by  kind  permission 
of  the  publishers,  Messrs.  Longmans,  Green,  and  Co.,  re-written  and 
re-arranged. 

A  new  chapter  has  been  added  on  the  Transmission  of  Radio- 
M  telegraphic  Waves  over  the  earth,  and  to  make  room  for  the  new 

N  matter  without  unduly  enlarging  the   book,  much  of  the   merely 

|X  historical  portions  and  of  the  descriptions  of  apparatus  which  has 
^  become  antiquated,  has  been  removed.  Sufficient,  however,  has  been 
^  kept  in  place  to  enable  the  student  of  the  subject  to  appreciate  the 

development  of  the  subject. 

The  aim  of  the  Author  has  been  to  deal  with  principles  rather 

than  give  the  fullest  possible  account  of  actual  apparatus.     The 

{wactical  Badiotelegraphist  has  now  at  his  disposal  a  small  library  of 

books  upon  the  subject,  which  in  many  cases  are  devoted  to  particular 

types  of  apparatus.     Nevertheless  it  is  hoped  that  the  present  treatise 

'^  will  in  its  revised  form  serve  to  give  a  comprehensive  view  of  the 

Bubject  particularly  on  its  scientific  side,  and  that  part  of  it  which  is 

oouoemed  with  quantitative  measurements  and  the  underlying  theory. 

The  immense  attention  which  has  been  given  to  this  attractive  subject 

is  a  consequence  of  the  interesting  physical  and  important  practical 

Aspects  of  it,  and  no  one  at  present  can  hope  to  make  additions  to  it 

who  has  not  a  very  firm  grasp  of  the  electrical  principles  and  facts 

which  lie  at  its  root,  as  well  as  broad  acquaintance  with  what  has  been 

invented  or  discovered. 

The  Author  desires  to  place  on  record  his  thanks  to  the  following 
firms,  publishers,  proprietors  of  journals,  societies,  authors,  and 
editofn  who  have  kindly  permitted  the  use  or  reproduction  of  illus- 
tralioDS  and  diagrams  belonging  to  them  : — 
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To  Messrs.  Marconi's  Wireless  Telegraph  Company,  Limited,  and 
The  Wireless  Press,  Limited,  for  the  many  illustrations  connected 
^ith  the  Marconi  apparatus  and  system.  To  the  Boyal  Society 
and  Professor  Karl  Pearson,  F.E.S.,  and  Dr.  AHce  Lee,  for  per-' 
mission  to  use  the  diagrams  in  Plates  II.,  III.,  IV.,  and  Y.,  and  to 
Professor  A.  E.  H.  Love,  F.E.S.,  for  the  diagrams  in  Plate  V.  To 
Admiral  Sir  Henry  Jackson,  F.E.S.,  K.N.,  for  permission  to  use  the 
diagrams  and  copious  extracts  from  his  paper  in  the  Proceedings  of 
the  Royal  Society,  abstracted  in  Chapter  IX.  To  the  Physical 
Society  and  to  the  Eoyal  Institution,  and  to  Senatore  Marconi  and 
to  Mr.  W.  Duddell,  for  permission  to  use  diagrams  illustrating 
lectures  by  them.  To  the  Eoyal  Society  of  Arts  for  the  same  favour 
in  connection  with  illustrations  of  Cantor  Lectures  given  there  by 
the  Author. 

Also  to  the  Editor,  Dr.  A.  N.  Goldsmith,  and  to  the  Institute  of 
Eadio-Engineers,  New  York,  for  diagrams  which  have  appeared  in 
the  Proceedings  of  that  Institute.  To  the  Proprietors  of  The 
Electrician,  The  Electrical  Review,  The  Philosophical  Jfayazine,  Electrical 
Engineeriny,  The  Electrical  World  of  New  York,  and  The  Physical 
Review,  for  the  use  of  diagrams  which  have  illustrated  articles  in 
these  journals,  as  well  as  to  the  Authors  themselves. 

The  Institution  of  Electrical  Engineers  has  also  kindly  permitted 
use  to  be  made  of  diagrams  which  have  appeared  in  papers  read 
before  it. 

Many  p'rivate  firms,  such  as  The  Cnmhridye  Scientifw  Instrumenf 
Company,  Messrs.  Eobert  Paul  and  Company,  Mr.  Leslie  Miller, 
Messrs.  Isenthal,  and  Mr.  K.  Sohall,  have  also  given  permission  to 
make  use  of  illustrations  in  their  trade  circulars.  Other  private 
workers,  such  as  Dr.  Hemsalech,  Mr.  A.  Campbell,  Professor  E. 
Wilson,  Professor  G.  W.  Pierce,  and  others,  have  permitted  free  use 
to  be  made  of  diagrams  in  papers  published  by  them.  To  all  these 
the  Author  begs  to  return  thanks  for  the  kindness.  In  many  cases 
where  it  has  been  desired  the  acknowledgment  of  the  ownership  has 
been  made  under  the  diagram  in  place. 

Finally  the  Author  desires  to  mention  his  obligations  to  various 

readers  who  have  drawn  liis  attention  to  misprints  in  previous  editions, 

and  to  say  that  these  errata  have  been  corrected.     It  is  hoped  that 

they  have  been  completely  deleted,  and  that  the  book  in  its  amended 

and  extended  form  will  continue  to  be  of  service  to  students  of  this 

fascinating  subject. 

J.  A.  F. 
.  The  Pendeb  Electbical  Labobatoby, 
Univbbsity  College,  London, 
September,  1916. 
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PART    I.— ELECTRICAL   OSCILLATIONS 


CHAPTEE  I 

THE  PRODUCTION  OF  HIGH  FREQUENCY  CURRENTS  AND 

ELECTRIC  OSCILLATIONS 

1.  High  Fpe^uenoy  Electric  CurreiitB— Damped  and  Undamped 
Electric  Oecillations. — In  that  form  of  telegraphy  called  Badio- 
telegraphy,  Hertzian,  or  Electric  Wave  Telegraphy,  or  more  com- 
monly. Wireless  Telegraphy,  the  principles  and  practice  of  which  are 
the  subject  of  the  present  treatise ;  we  are  closely  concerned  with 
the  properties  of  alternating  electric  currents  of  very  high  frequency. 
Hence  it  is  necessary  briefly  to  refer  to  them. 

An    alternating    electric  current  .is  defined    to    be  one  which 

Seriodically  changes  direction  in  its  circuit.  For  a  certain  time  it 
owB  in  one  direction  in  some  conductor  with  varying  strength,  and 
then  rererses  and  flows  for  an  equal  time  in  the  opposite  direction. 
The  time  in  fractions  of  a  second  which  elapses  between  the  com- 
mencement of  the  current  in  one  direction  and  beginning  again  in  the 
same  direction  is  called  a  complete  period  or  cycle,  and  will  be  denoted 
in  this  treatise  by  the  letter  T.  The  number  of  complete  periods  per 
seeood  is  called  the  frequBmy  of  the  current,  and  is  denoted  by  n. 

The  quantity  2ir/t  or  -jp  is  of  the  nature  of  an  angular  velocity,  and 

will  be  represented  by  the  letter  p.  It  is  also  the  number  of  periods 
in  27r  seconds. 

We  have  furthermore  to  distinguish  between  the  instantaneous 
valus  of  the  current,  or  its  value  at  any  instant,  and  the  maximum 
value.  The  former  will  be  denoted  by  a  small  letter  such  as  i,  whilst 
the  maximum  value  of  the  same  quantity  during  the  period  will  be 
represented  by  a  large  letter  /  of  the  same  type. 

A  high  frequency  alternating  electric  current  may  be  defined  to  be  an 
alternating  current  of  which  the  frequency  is  reckoned  in  thousands. 
There  is  no  absolute  demarcation  between  high  and  low  frequency. 
The  terms  are  of  course  relative.    If,  however,  the  frequency  is  such 
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that  the  number  of  periods  per  second  is,  say,  1000  or  upwards,  then 
it  would  generally  be  called  a  high  frequency  current,  whereas  if  the 
frequency  was  such  as  to  be  reckoned  in  hundreds,  or  less  than  a 
hundred,  it  would  in  general  be  called  a  low  frequency  current. 

An  electric  oscillation  may  be  defined  to  be  an  alternating  electric 
current  of  extremely  high  frequency  reckoned,  say,  in  hundreds  of 
thousands  or  millions  per  second,  but  here  again  the  distinction 
between  so  called  high  frequency  electric  currents  and  electric  oscilla- 
tions  is  more  a  matter  of  terminology  than  any  precise  difference  in 
frequency.  We  are,  however,  concerned  with  two  classes  of  electric 
oscillations,  the  difference  between  which  is  important.  In  one  case 
the  oscillations  or  high  frequency  currents  continue  with  undiminished 
amplitude  or  maximum  value.  They  are  then  called  undamped  or 
persistant  oscillations.  If,  on  the  other  hand,  the  oscillations  after 
beginning  with  a  certain  amplitude  die  away,  then  cease,  and  after  a 
time  begin  again  with  the  original  amplitude,  they  are  called  damped 
oscillations^  and  each  group  is  called  a  train  of  oscillations.  If  the 
decay  of  amplitude  in  each  train  is  very  rapid,  it  is  called  a  strongly 
damped  oscillation  train,  and  if  the  rate  of  decay  is  small,  it  is  said  to 
he  feebly  damped. 

We  may  graphically  represent  a  high  frequency  electric  current 
or  undamped  electric  oscillation  in  the  usual  manner  by  a  repeated 
sinoidal  curve,  since  in  nearly  all  the  cases  likely  to  occur  in  practice 
the  variation  of  current  from  moment  to  moment  during  the  complete 
period  is  a  simple  sine  function  of  the  time.  Hence  we  may  proceed 
as  follows :  Let  a  horizontal  line  AX  (see  Fig.  1 )  be  taken  as  a  time 


c  Q 

Fio.  1.— Delineation  of  a  Simple  Periodic  or  Sine  Curve. 

axis,  and  equidistant  points,  N,  L^,  L2,  X,  etc.,  set  off  so  that  distances 
such  as  NLj  or  L^X  represent  one  complete  period  denoted  by  T, 

Then  with  some  point  O  in  this  line  AX  as  centre  describe  a 
circle  ABN.  Let  the  radius  OB  of  this  circle  be  taken  to  represent, 
to  aome  suitable  scale,  the  maximum  value  of  the  current  during  the 
period.  Imagine  the  radius  OR  to  revolve  in  a  counter-clockwise 
direction  with  a  uniform  angular  velocity.  Let  a  horizontal  (dotted) 
line,  RP,  be  drawn  at  every  instant  through  the  extremity  of  the 
radius  OR.  Let  another  point,  M,  be  supposed  to  move  uniformly 
along  OX,  and  through  it  a  vertical  (dotted)  ordinate,  MP,  be  drawn. 
Let  the  point  M  move  uniformly  through  a  distance  NLg  in  the  time 
taken  by  the  radius  OR  to  revolve  once  with  uniform  angular  velocity. 
Assume  that  OR  starts  from  the  position  ON,  and  that  the  point  M 
also  starts  from  N.    Then  the  locus  of  the  point  of  intersection  P  of 
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the  vertioal  ordinate  MP  with  the  horizontal  line  HP  will  trace  out  a 
sinoidal  curve,  NQL^Q^.  The  length  of  the  ordinate  MP  will  always 
be  equal  to  the  radius  of  the  circle  OB  multiplied  by  the  sine  of  the 
phase  angls  BON  =  0.  Let  the  radius  of  the  circle  be  denoted  by  / 
taken  to  represent  the  maximum  value  of  the  current  during  its 
r  period.     Let  the  radius  OB  revolve  through  the  angle  BON  =  0  in 

the  time  t  with  angular  velocity  p.  Hence  6  =  pt^  and  if  we  denote 
MP  by  f,  then  t  is  the  instantaneous  value  of  the  current,  and  we 
havi 


i=  I  sin  pt (1) 

The  value  of  the  maximum  current  /  is  called  the  amplitude  of  the 
oscillation,  and  the  angle  pt  is  called  its  phase.  The  above  expression 
(1)  is  therefore  the  equation  of  the  wavy  curve,  called  a  sine  curve, 
and  is  also  the  analytical  expression  for  a  high  frequency  alternating 
current,  or  persistent,  or  undamped  electric  oscillation. 

We  can  in  the  same  manner  describe  a  line  representing  graphi- 
cally  the  nature  of  a  damped  electric  oscillation  if  we  employ  a 
logarithmic  spiral  instead  of  a  circle  in  a  construction  similar  to  that 
in  Kg.  1. 

A  logarithmic  spiral  is  the  curve  described  by  the  extremity  of  a 
radius  vector,  the  length  of  which  varies  so  that  the  logarithm  of  its 
length  bears  a  constant  ratio  to  the  phase  angle  the  radius  vector 
makes  with  some  fixed  straight  line.    Thus  in  Eig.  2  the  spiral  curve 


s    «» 

Fia.  2. — Delineation  of  a  Damped  Periodic  Curve. 

is  described  by  the  extremity  B  of  a  radius  OB  (  =  r)  which  revolves 
uniformly  round  O,  the  length  OB  varying  so  that  the  ratio  of  log  r 
to  the  angle  BON  ( =  0)  is  constant.     Hence  the  polar  equation  of 

the  left-handed  logarithmic  spiral  as  drawn  is  r  =  a  ^  where  a  is 
some  constant. 

The  exponent   has  a  negative  sign,  because  r  diminishes  as   0 

increases  in  the  case  of  the  spiral  as  delineated.     Suppose,  then,  that 

we  draw  a  time  axis,  OX,  and  assume  a  point,  M,  to  move  uniformly 

along  it.     Also  let  the  radius  vector  OB  move  counter-clockwise  with 

a  ani/onn  angular  velocity.     Let  a  perpendicular  MP  drawn  through 

Sf  move  with  it,  and  through  B  draw  a  horizontal  line,  BP.     The 

locum  of  the  point  of  intersection  P,  of  the  lines  BP  and  MP  as  the 

wAuiB  B  ftz^^  ^  move  in  their  respective   modes,  will  describe  a 

ddoresoent  wavy  line.    The  equation  of  this  line  is  found  as  follows :— 
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Sinoe  the  angle  BON  =  0,  the  ordinate  MP  =  r  sin  0.     Also  r  =  a    . 
Hence  if  we  write  i  for  MP,  we  have— 

»  =  a      sm  9 

Let  j9  be  the  angular  velocity  of  OK.     Accordingly,  if  OR  moves 
through  the  angle  EON  in  a  time  t,  we  can  write  pi  for  0,     Also  it  ia 

convenient  to  substitute  /€"""*  or  /c"*^  for  fl~^,  where  c  is  the  base 
of  the  Napierian  logarithms,  and  /,  a,  or  k  are  certain  constants. 

We  then  obtain  the  equation  of  the  wavy  line  NQQ2Q2  in  the 
form — 

i  =zU-^  sin  pt (2) 

and  this  therefore  is  the  mathematical   expression  for  a  damped 

electric  oscillation. 

If  Ii  denotes  the  maximum  value  KQ  of  the  first  oscillation,  I2  that 

of  the  second  K^Q^  in  the  opposite  direction,  and  so  on ;  then  it  is  easy 

<b  T 
to  see  that  i  has  the  value  /j  when  /  =  -  -  ,  and  the  value  I2  when 

/  =  "  ^  +*    ,  where  ^  is  the  angle  TON  =  OTZ  (see  Fig.  2),  and 
tan  ^  =  tt/S  =/;/cu     Hence  it  follows  by  substitution  in  (2)  that, 

The  quantity        or  S  is  called  the  logarithmic  decrement  of  the  oscillatwns 

A 

per  half  period.    The  quantity  €""^,  where  c  is  the  base  of  Nap,  logs,  is 
called  fhe  damping  per  half  period. 
Hence  we  have — 

a  =  2n8=2wlog^    ^ (3) 

We  can   therefore  write   the  equation   of  a  damped  electrical 
oscillation  in  one  of  three  equivalent  forms,  thus — 

/  ==  I.  .      j^-at  sin  »/ 
^sm  <f>  ^ 

*  =  Ii     -^^-"^  sin  pi       (4) 

sm^ 


i  =  Ii^_  V   ^^Jsinpt 
sin  (f> 


The  ratio  of  one  maximum  oscillation  to  the  next  in  the  opposite 


.« 


direction  is  that  of  €  to  unity. 

It  is  usual  to  define  the  logarithmic  decrement  to  be  the  Napierian 
logarithm  of   the   ratio  of  two  successive  oscillations  in  the  same 
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direction  that  is  separated  by  one  whole  period.    In  that  case  the 
symbol  taken  for  it  is  equivalent  to  28  as  used  above. 

2.  The  Practical  Generation  of  Undamped  and  Damped 
Electric  OsciUationB, — A  number  of  arrangements  have  been  devised 
for  generating  high  frequency  currents  and  electric  oscillations. 
Some  of  these  appliances  create  damped  and  some  undamped 
oscillations.  The  oldest  of  these  methods  is  that  in  which  the 
oscillatory  discharge  of  a  condenser  is  employed  to  create  inter- 
mittent trains  of  damped  oscillations.  Other  well-known  agencies 
are  available  for  the  production  of  undamped  oscillations,  viz.  the  high- 
frequency  alternator,  the  direct  current  electric  arc  shunted  by  an 
inductive  resistance  in  series  with  a  capacity,  and  the  thermionic 
reaction  generator.  The  high  frequency  alternator  is  more  especially 
applicable  for  the  production  of  high  frequency  alternating  currents, 
and  the  arc  methods  for  the  generation  of  undamped  electric  oscilla- 
tions. It  is  convenient  to  discuss  these  in  the  following  order: 
(1)  high  frequency  alternators  ;  (2)  the  production  of  damped  oscilla- 
tion by  condenser  discharges ;  (3)  the  generation  of  undamped 
oBcillations  by  the  electric  arc,  and  other  means. 

3.  Prodaction  of  Hi^  Frequency  Currents  by  Hi^  Frequency 

Alternators. — Machines  for  the  direct  production  of  undamped  high 
frequency  alternating  currents  are  called  high  frequency  alternators. 
Previously  to  the  year  1900,  no  one  had  attempted  to  build  an 
alternator  yielding  a  current  having  a  frequency  of  more  than  about 
20,000,  and  even  for  some  years  afterwards  although  efforts  had  been 
made  to  obtain  higher  frequencies,  only  machines  of  extremely  small 
power  had  been  actually  built.  Nevertheless  inventors  persevered, 
recognizing  that  high  frequency  alternators  would  be  of  great  utility 
in  radiotelegraphy  and  radiotelephony.  It  was  evident  at  an  early 
stage  that,  for  this  purpose,  machines  giving  a  frequency  of  less  than 
40,000  or  50,000  and  some  power  reckoned  in  kilowatts  would  not  be 
of  much  use.  Lately  high  power  machines  have  been  developed 
either  by  increasing  the  frequency  and  power  of  ordinary  alternators 
starting  from  the  early  work  of  Elihu  Thomson  and  Nikola  Tesla  in 
1889  and  1890  on  this  subject,  or  else  by  employing  an  alternating 
current  field  excitation  which  acts  on  a  suitable  rotor,  frequency- 
raising  alternators  such  as  those  of  Goldschmidt,  Latour,  and 
B^thenod  have  been  invented. 

The  difficulties  met  with  in  the  former  type  are  shown  by  the 
limitations  of  frequency  and  power  exhibited  by  the  early  Tesla  high 
frequency  alternators  made  about  1890,  which  were  capable  of  pro- 
ducing currents  of  10  amperes  or  so  having  a  frequency  of  not  more 
than  about  10,000  or  12,000. 

One  form  of  Tesla  high  frequency  alternator  was  constructed  as 
follows  (see  Fig.  3) :  It  consists  of  a  fixed  ring-shaped  field  magnet 
with  magnetic  poles  projecting  inwards  and  a  rotating  armature  in 
the  form  of  a  flywheel.'  This  wheel,  J  (see  Fig.  4),  was  turned  down 
on  the  edge,  forming  a  kind  of  flanged  pulley,  and  this  groove  is 
wound  full  of  annealed  iron  wire  insulated  with  shellac.  Pins,  L,  were 
set  in  the  sides  of  the  ring  J,  and  flat  coils,  M,  of  insulated  wire  wound 
over  the  periphery  of  the  armature  wheel  and  around  the  pins. 
»  See  The  EUctrical  Engineer  of  New  York,  March  18, 1891,  vol.  xi.  p.  388. 
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These  coils  were  connected  together  In  series,  and  the  ends  of  the 
series  carried  through  a  hollow  shaft,  H,  to  sUp  rings,  F,  P,  from 
which  the  currents  were  taken  off  by  brushes,  O,  O.  The  field 
magnet  consisted  of  a  kind  of  toothed  wheel,  with  the  teeth  turned 


Pie.  3.— Tesla  High  Fcequoncj  Altematoc,     {Side  view.) 

inwards  (see  Figs.  3  and  i),  and  an  insulated  wire  or  strip  was  wound 
zigzag  fashion  between  these  teeth,  so  that  when  a  continuous  current 
was  passed  along  this  conductor,  the  teeth  were  made  alternately 


Pic.  4.— Tesla  High  Frequenoy  Alternator,     (End  vievi.) 

North  and  South  magnetic  poles.  It  ie  quite  possible  thus  to  produce 
a  magnet  having  400  radial  poles  in  the  circumference,  and  also  easy 
to  put  400  coils  on  the  armature.  Hence  if  such  a  machine  is  driven 
at  a  speed  of  3000  revolutions  per  minute,  or  50  per  second,  it 
produces  an  alternating  current  having  a  periodicity  of  10,000  ~.     A 
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machine  of  this  kind  can  he  constructed  to  give  a  current  of,  say, 
10  amperes.  In  the  machine  ahove  described,  which  was  capable 
of  ^ving  an  alternating  electromotive  force  of  about  100  volts,  the 
field  magnet  consisted  of  a  ring  of  wrought  iron  32  inches  outside 
diameter,  about  1  inch  thick;  the  inside  diameter  was  about  30 
inches.  The  distance  between  the  teeth  was  about  ^  inch,  and 
each  field  magnet  tooth  was  about  f^  inch  thick.  On  the  armature 
384  coils  were  connected  in  two  senes.  The  wid^  of  the  armature 
was  1^  inch.  With  magnetic  teeth  placed  so  close  it  was  necessary 
to  have  an  extremely  small  clearance  between  the  armature  coils  and 
the  magnet,  to  avoid  excessive  leakage  or  loss  of  useful  magnetic  flux ; 
hence  it  was  impossible  to  use  wire  for  the  armature  thicker  than 
No.  26,  Brown  and  Sharp  gauge.  This  size  is  equivalent  to  No.  28^ 
British  S.W.G.  The  armature  wires  must  be  wound  witih  great  care, 
otherwise  they  are  apt  to  fly  off  in  consequence  of  the  great  peripheral 
speed.    It  is  practicable  to  run  such  an  armatui-e  at  a  speed  of  3000 


Fio.  5. — ^Tesla  High  Frequency  Alternator :  Disc  type.    {Side  view,) 

revolutions  per  minute,  equivalent  to  a  peripheral  speed  of  375  feet 
per  second. 

In  another  type  of   machine  constructed  by  Tesla,  magnetic 

leakage  was  avoidad  by  making  adjacent  poles  on  the  same  side  of 

the  armature  of  the  same  polarity.    In  this  second  form  the  armature 

oonaisted  of  a  copper  plate  in  the  form  of  a  disc  vdth  a  large  hole  in 

it  (see  figs.  5  and  6).    The  plate  was  cut  through  by  radial  slits 

alternately  at  the  inside  and  otitside  edge,  so  as  to  divide  the  plate  up 

into  a  zigzag  strip.    This  plate  was  clamped  on  a  central  boss  fixed 

on  a  shaft  (see  Fig.  5),  and  caused  to  revolve  between  the  two  parts 

o(  a  field  magnet  having  a  large  number  of  inward  projecting  poles, 

all  those  on  one  side  being  of  the  same  polarity  and  facing  an  equal 

onmber  of  like  poles  on  the  opposite  side,  of  the  opposite  polarity 

(see  Fig.  6).    In  this  manner,  the  disc  was  perforated  by  the  magnetic 

flux  passing  across  from  one  set  of  poles  to  another,  and  the  passage 

of  the  strips  into  which  the  disc  is  cut  up,  into  and  out  of  these 
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Btxeams  of  magaetic  flnx,  gives  rise  to  the  electromotive  force  in  the 
armature.  The  armature  winding  therefore  consisted  of  a  single 
disc-shaped  conductor  equivalent  to  a  zigzag  winding,  and  this  was 
driven  at  a  high  speed  so  that  the  radial  elements  of  the  armature 
cut  across  streams  of  magnetic  flux.  A  very  strong  excitation  could 
therefore  be  employed  without  producing  any  wasteful  leakage  flux. 
The  essential  drawback  of  this  construction  is  that  unless  the  shts  in 
the  armature  are  very  close  together,  so  that  the  width  of  the  radial 
bar  or  slice  is  not  more  than  ^  inch,  there  is  considerable  heating  of 
the  armature,  due  to  eddy  currents  set  up  in  it.  In  one  machine  of 
the  last  type,  constmcted  by  Tesla,  the  field  bad  480  polar  projec- 
tions on  each  side,  and  from  this  machine  it  was  possible  to  obtain 
a  current  having  a  frequency  of  15,000  complete  periods  per  second. 


Fia.  tj. — Teslft  High  Fraquanc;  Alternator:  Mordey  oc  Disc  Type.     [Section.) 

When  a  machine  of  this  description,  having  a  disc  of  considerable 
diameter,  is  driven  at  a  speed  of  3000  B.F.M.,  very  accurate  balancing 
is  necessary,  or  otherwise  dangerous  vibrations  will  be  set  up  in  the 
machine.  Great  rigidity  and  accuracy  of  work  are  therefore  necessary 
in  all  parts  of  the  machine,  because  the  clearance  between  armature 
and  field  magnets  must  necessarily  be  very  small. 

A  good  plan  for  obtaining  the  necessary  high  relative  speed 
between  armature  and  field  without  exceeding  moderate  limits  of 
actual  rotation  was  adopted  by  Sir  David  Salomons  and  Mr.  Pyke, 
who  constructed  in  1891  a  high  frequency  alternator  on  the  following 
lines.'  It  consists  of  two  iron  discs  (see  Fig.  7),  both  having  teeth 
like  a  crown  wheel  and  each  revolving  independently  on  a  shaft 
turning  in  its  own  long  bearing.     The  wheels  are  placed  on  the  ends 

,  LoDdoD,  1892,  vol. 


AJJD    ELECTRIC    OSCILLATIONB  9 

of  the  shafts  in  line  with  each  other  so  that  the  projectiQg  teeth  are 
in  appoeitioQ  and  can  be  brought  almost  into  touch  with  each  other 
by  uufting  the  bearings  upon  the  bed-plate,  in  grooves  made  for  the 

nwae  of  facilitating  this  adjustment.  The  discs  are  each  12  inches 
iameter,  and  one  of  these  discs  is  so  wound  as  to  oonstitute  l>oth 
the  armature  of  an  alternator  and  the  armature  of  a  continuous 
carrent  motor.  With  this  object,  the  greater  part  of  the  centre  of 
the  disc  is  filled  up  with  a  Gramme-wound  flat  nng  armature  and  the 
usual  commutator,  whilst  the  edge  of  the  disc  coneistB  of  a  large 
number  (about  360)  of  small  iron  teeth,  round  which  a  fine  insulated 
wire  is  coiled.  These  teeth  project  outwards  perpendicularly  to  the 
surface  of  the  disc,  and  by  means  of  insulated  slip  rings  the  alter- 


Fis.  7.— SKlomoDB  and  Pjke  High  Fraqnaucy  Alternator. 

Dating  carrent  can  be  drawn  off  from  this  alternator  armature.  The 
other  disc  or  wheel  constitutes  the  field  magnet  both  of  the  alternator 
and  the  motor.  It  has  a  transverse  bar,  round  which  insulated  wira 
is  wound  forming  an  electro-magnet,  which  provides  the  field  for  the 
Gramme  armature,  and  the  current  also  passes  in  shunt  through  a 
wire  wound  zigzag  fashion  between  projecting  teeth  on  this  magnet 
disc,  similar  to  the  winding  on  the  armature  disc,  A  continuous 
current  is  supplied  to  this  field  magnet  by  means  of  a  pair  of  shp 
rings  and  brushes,  and  there  is  also  a  brush-holder  carrying  a  pair  of 
bmsbes  fixed  to  the  disc  which  press  against  the  commutator  of  the 
(itsmme  armature  fixed  in  the  other  disc.  When  a  continuous 
coirent  is  supplied  to  the  maohiue  at  a  pressure  of  100  volts,  it 
^  jq  rotate,  the  two  discs  running  in  opposite  directions. 
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the  continuoixB  cuneDt  field  magDeta  being  pushed  backwards  as  it 
drives  the  Gramme  armature  forwards.  In  this  masner,  a  differen- 
tial  velocity  can  be  given  to  the  discs  equivalent  to  a  speed  of  3000 
B.P.M.  in  its  effect  on  the  alternating  armature.  Since  there  are  ten 
teeth  to  the  inch  in  the  peripherieB  of  the  discs  and  360  poles  in  the 
whole  of  the  circumference,  it  follows  that  with  an  absolute  speed  of 
each  disc  of  1500  B.P.M.  an  alternating  current  will  be  produced  in 
the  wire  wound  iu  the  teeth  of  the  armature  disc  which  will  have  a 
frequency  equal  to  180  times  50,  viz.  9000  periods  per  second. 

A  descriptioQ  haa  been  given  by  Mr.  B,  (1.  Lamme  of  a  small 
alternator  of  2  K.W.  capacity,  having  a  frequency  of  10,000.  This 
alternator  was  built  by  the  Westinghouse  Company  for  Leblanc,  who 
required  it  for  experimeats  in  connection  with  telephonic  research. 
The  alternator  is  of  the  inductor  type,  with  200  polar  projections. 
The  armature  was  of  sheet  steel  only  3  mils  (=  0-003  inch)  in  thick- 
ness.   The  rotor  consisted  of  a  forged  steel  disc  25  cms.  in  diameter. 


Fio.  8.— SiemeuB'  High  Fieqoenay  Indnotor  Allemator. 

Driven  at  a  speed  of  3000  B.P.M.,  the  frequency  was  10,000  com- 
plete periods  per  second. 

GeneraUy  speaking,  it  is  not  easy  to  obtain  by  any  of  the  devices 
above  described  a  frequency  higher  than  10,000  periods  per  second. 
Very  excellent  mechanical  workmanship  and  perfect  balance  are  neces- 
aary  to  be  able  to  run  any  form  of  disc  armature,  having  a  diameter 
of  30  cms.  or  so,  at  a  speed  of  50  revolutions  per  second.  Such  an 
armature  mast  carry  400  coils  to  be  enabled  to  give  even  this 
frequency. 

In  consequence  of  the  difBculty  of  balancing  a  wound  armature, 
the  inductor  form  of  alternator  is  now  adopted  for  high  frequency 
machines.  In  this  case  the  revolving  part  is  merely  a  steel  disc 
having  teeth  or  notches  cut  on  its  edge.  If  two  chisel-shaped  mag- 
netic poles  are  placed  on  either  side  of  such  a  disc,  and  if  these  poles 
carry  armature  coils  wound  on  them,  then  as  the  notched  steel  disc 
rotates  it  varies  the  magnetic  reluctance  of  the  magnetic  circuit,  and 
hence  the  flus  passing  through  the  armature  coils.  In  Fig.  8  is 
shown  a  view  of  such  a  bigb  frequency  inductor  alternator  made  by 
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Messrs.  Siemens  Bros.,  the  toothed  induclior  disc  being  driven  by  a 
motor  which  also  drives  on  the  same  shaft  a  small  dynamo  which 
provides  the  exciting  current  for  the  field  magnets  of  the  alternator. 
The  frequency  and  electromotive  force  are,  of  course,  determined  by 
the  speed  of  this  disc.  It  is  easy  by  it  to  produce  an  alternating 
current  of  a  frequency  of  5000. 

Mr.  W.  Duddell  has  also  described  the  construction  of  a  high 
frequency  alternator  of  the  inductor  t3rpe.'  It  consists  of  a  laminated 
soft  iron  ring  having  two  inwardly  projecting  poles  (see  Figs.  9  and  10). 
This  ring  is  wound  with  an  exciting  circuit,  so  that  a  c&ect  current 
flowing  in  this  circuit  tends  to  make  one  of  these  poles  North  and 


Fio.  9.— Duddell'8  High  Frequency  Alternator.    {Plan.) 

the  other  South.  In  addition,  another  or  armature  circuit  is  laid 
upon  the  ring.  Between  the  pole  pieces  a  laminated  soft  iron  disc 
revolves  which  has  V-shaped  notches  cut  on  its  periphery. 

When  this  notched  disc  revolves  it  causes  a  pulsatory  change  in 
the  flux  passing  through  the  armature  coils  and  so  generates  an 
alternating  current  in  them. 

The  exciting  circuit  on  the  ring  had  inductance  coils  inserted  in 

ft,  so  as  to  prevent  high  frequency  currents  being  generated  in  it 

The  iron  indactor  disc  was  revolved  by  a  cotton  belt  passing  round  a 

palley  on  the  inductor  shaft  and  round  two  large  metal  disc  pulleys, 

»  W.  Doddell, "  A  High  Pieqnency  Alternator,"  Proceedings  of  the  Physical 
Society  of  lA3>ndon^  April,  1905,  vol.  xix.  part  v.  p.  431. 
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which  in  turn  were  driven  by  an  electric  motor.  In  this  manner  the 
inductor  disc  was  driven  at  30,000  or  40,000  B.P.M.  Alternating 
currents  could  be  obtained  from  the  armature  circuit  having  a  fre- 
quency up  to  18,000  per  second.  The  machine  gave  a  current  (R.M.S.) 
of  1  ampere  and  an  electromotive  force  of  40  volts.  Subsequently 
inductors  with  50  or  60  teeth  were  used  and  driven  at  speeds  up  to 
600  revolutions  per  second.  This  furnished  an  alternating  current 
having  a  frequency  of  50,000. 

About  the  year  1907  B.  A.  Fessenden  in  the  United  States  directed 
his  attention  to  the  design  of  alternators  capable  of  producing  larger 
output  and  with  a  frequency  of  the  order  of  50,000.  Eecognizing 
the  difficulties  which  arise  from  magnetic  leakage  when  poles  of 
opposite  sign  are  interspaced,  he,  like  Tesla,  adopted  the  Mordey 
type  of  alternator,  in  which  the  field  magnets  have  poles  of  the  same 
sign  on  one  side,  and  the  magnet  consists  of  a  pair  of  revolving  discs 
with  opposed  teeth  facing  inwards,  those  on  one  side  being  all  N. 
poles  and  those  on  the  opposite  side  S.  poles.     The  fixed  armature  in 
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Fig.  10. — Duddell's  High  Frequenoy  Alternator.     (Elevation,) 


the  form  of  a  disc  is  placed  between  these  rows  of  poles,  and  in  some 
cases  it  appears  a  double  armature  is  employed.  The  two  magnet 
discs  resemble  crown  wheels  with  small  teeth,  between  which  the 
wire  for  carrying  the  exciting  current  is  wound.  One  machine  thus 
made  by  him  is  said  to  be  capable  of  giving  an  alternating  current 
with  a  frequency  of  80,000.  In  practice  it  seems  to  have  been 
limited  to  60,000,  with  an  output  of  250  watts  and  an  electromotive 
force  of  60  volts  when  running  at  a  speed  of  10,000  E.P.M.  At  a 
speed  of  8400  K.P.M.  it  gave  a  frequency  of  50,000  and  a  voltage 
of  65.  The  field  magnet  of  this  machine  is  described  as  having  360 
poles.  Another  type  of  alternator  coupled  direct  to  a  De  Laval  steam 
turbine  has  been  constructed  and  described  by  Fessenden  (see  T/ie 
Electrician,  vol.  61,  p.  441,  1908).  De  Laval  steam  turbines  are  now 
made  in  small  sizes  to  run  at  30,000  B.P.M.  Hence  when  coupled 
direct  to  a  shaft  running  at  this  speed  an  armature  of  comparatively 
small  diameter  will  give  the  required  high  frequency.    In  the  case  of 
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the  machiQe  shown  in  Fig.  11  the  alternator  gives  a  current  at  225 
ToUs  and  b  frequency  ot  75,000,  with  about  25  k.w.  output.  The 
machine  is  of  the  double  armature  type,  with  300  coils  on  each 
armatnro,  and  a  field  magnet  with  150  teeth.    The  two  ^r  gaps  are 


only  jL  inch  in  length.     The  steam  pressure  used  with  the  turbine  is 
100  lbs.  per  aq.  inch. 

Appreciating  the  special  difficulties  involved  in  the  construction  of 
a  hign-power  high  frequency  alternator  with  moving  coils,  E.F.  W. 


Fio.  13. — Indactor  disc  of  the  Aleianderson  Inductor  High  Frequencj 

Altemtttot. 

.Uexanderson,  of  the  General  Electric  Company  in  America,  directed 
bis  sttention  in  1908  to  the  design  of  an  inductor  altomator.*  In  this 
type  of  machine  both  the  field  magnet  coils  and  the  armature  colts 
D  alternator  foi  one  hundred 
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are  fixed.    The  only  moving  part  of  the  machine  cjonBiBtB  of  a  sfceel 
disc  having  slots  or  holes  out  out  in  it  near  the  edge.     This  dieo  ifi 


IBs  ptrminfim  (^Tkedi 


carried  on  a  flexible  steel  spindle  and  can  be  revolved  at  b.  very  high 
speed.  To  prevent  churning  ot  the 
air  and  consequent  loss  of  power  the 
slots  are  filled  up  with  a  non- 
magnetic material  (see  Figs.  12  and 
13).  This  disc  revolves  with  ite 
edge  between  the  fixed  field  and 
armature  coUb  which  are  carried  on 
a  fixed  frame,  and  the  function  of 
the  slots  in  the  Bteel  disc  is  to 
change  the  total  magnetic  fiux  pass- 
ing through  the  armature  coils  and 
80  create  in  them  an  alternating 
electromotive  force.  This  action 
will  be  understood  from  Fig.  14, 
which  represents  a  cross  section 
of  half  the  machine.  The  parts  D 
and  B  are  portions  of  the  ring  frame, 
and  A  are  the  field  coils.  The  mag- 
netic flux  created  by  these  coils 
passes  round  through  certain  lami- 

^      7~.~  ,,  „  ^  .-       .  .1   ~  nated  iron  teeth  E,  and  the  armature 

Fic.  14. — Half  Crosa  Boction  ol  Alex-  _■    ■,■         .  .    '  .  ■         i 

Anderson  High  Ptequenoy  Alter-  Winding  is  a   Simple  Zigzag   Circuit 

aator,  wound  over  these  teeth.     The  steel 

disc  passes  between  these  teeth  with 

very  little  clearance,  and  according  as  a  space  or  a  slot  is  passing  so 
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will  the  flux  liDked  with  the  armature  winding  be  varied.  If  the 
steel  disc  has  300  slota  in  its  edge,  and  is  revolved  at  a  speed  of 
20,000  B.P.M.,  this  vriU  create  an  alternating  oorrent  having  a 
frequency  of  100,000.  To  obtain  this  high  speed  and  yet  retain  the  • 
advantages  of  driving  by  an  electric  motor  a  special  form  of  1  to  10 
speed-raising  geariqg  is  employed.  A  general  view  of  this  motor- 
driven  high  frequency  alternator  is  shown  in  Fig.  19,  in  which  the 
alternator  is  seen  on  the  left  hand  and  the  driviag  motor  on  the 
right. 

The  revolving  disc  is  made  of  chrome -nickel  steel,  and  is  carried 
on  a  flexible  shaft  which  allows  the  disc  to  rotate  about  its  moss 
centre  at  a  high  speed,  thus  avoiding  any  strain  on  the  bearings. 
The  shaft  is  carried  on  two  end  bearings,  but  there  are  intermediate 
loose  bearings  which  limit  the  play  of  the  shaft   at  those  critical 


[Bg  ptrmiaiim  qf  neOaural  Bltctrie  Company,  ITS.A. 
Fio.  15.— Aleunderton  Motor-driven  3  K.W.  High  Freqneiicj  Alternator. 

speeds  which  induce  vibration.  These  bearings  have  forced  luhrica- 
tiOD.  The  machine  shown  in  the  figure  has  an  output  of  2  kilowatts 
at  a  voltage  of  110  volts,  and  short  circuit  current  of  20  amperes 
with  frequency  of  100,000.  Mr.  Alexanderson  stated  in  1915  that 
a  similar  maclune  was  being  built  for  an  output  of  50  kilowatts  at  a 
frequency  of  50,000.  The  above  described  bigb  frequency  alternators 
act  on  just  the  same  prineiples  as  the  ordinary  low  frequency  alterna- 
tors nied  for  power  and  lighting,  but  a  high  frequency  generator 
on  quite  a  different  principle  has  been  invented  by  Dr.  Budolph 
Gol^chmidt,'  which  enables  frequency  to  be  raised,  just  as  a  trans- 
former raises  voltage  or  current.   To  understand  the  scientific  principle 

<  .Soe  K.  GoldBohmidt.  BritUh  Ptkleot  Specifications,  No.  27260  of  190T ; 
No.  17835  ol  1908  :  No.  IISM  of  1910.  Also  The  Electrician,  vol.  66,  p.  744,  1911, 
atid  The  SUclrician,  »ol.  GO,  p.  615.  1919.  See  oIbo  PoH  Afall  (iazetU.,  Dfioembor 
itk,  1912,  in  which  it  is  mentioned  that  the  Author  had  some  shara  in  directing 
ftUention  to  tbe  problem  of  the  oonatructioD  of  a  high  frequency  alternator  for 
rmAintM\etCT*P^y-  ^O'  >>  i°°^  description  of  the  Goldsohmidt  altemktot  the 
r^ufer  i»  raiwre^  to  an  article  bj  Mr.  B.  E.  Mayer  in  the  Procecdinga  of  the 
JnttitttUo/  Badio  Eniii7ieeT$  0/ !fta  York,  U.S.A.,  for  March,  1914;  vol.  2,  p.  69. 
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of  this  machine  it  is  first  necessary  to  recall  to  mind  that  any  alter- 
nating magnetic  field,  which  is  constant  in  direction  hut  varies  in 
strength  according  to  a  sine  law,  can  he  considered  to  be  the  resultant 
of  two  magnetic  fields  of  constant  strength  equal  to  half  the  maximum 
value  of  the  pulsating  field ;  these  two  constant  fields  changing  their 
direction  continually  by  rotating  with  equal  angular  velocity  in 
opposite  directions.  Let  OA,  OB  (see  Fig.  16)  be  the  two  fields  of 
constant  strength  rotating  uniformly  in  opposite  directions.  Then 
their  resultant  OG  is  constant  in  direction  but  has  a  sinoidally 
varying  strength  with  a  maximum  value  equal  to  twice  OA  or  OB. 
Hence  we  can  consider  any  alternating  magnetic  field  as  resolvable 
into  a  pair  of  oppositely  rotating  constant  fields. 

Goldschmidt's  high  frequency  alternator  has  a  fixed  coil  or  set  of 
coils  called  the  stator,  and  in  the  interior  revolves  a  movable  coil  or 


Fig.  16. — Resultant  of  two 
oppositely  rotating  vectors. 


FiQ.  17.~Diagram  of  connections 
of  Goldschmidt  Alternator. 


coils  called  the  rotor.  In  the  conventional  diagram  in  Fig.  17  only 
one  stator  coil,  S,  is  shown,  and  one  rotor  coil,  B.  Imagine  that  the 
stator  has  a  continuous  electric  current  sent  through  it  from  a 
battery  B,  and  that  the  rotor  is  made  to  revolve  with  an  angular 
velocity  a>  in  the  field  of  the  stator.  The  rotor  coil  will  then  have 
an  alternating  current  induced  in  it.  Belatively  to  the  rotor  the 
magnetic  field  due  to  this  last-named  current  is  fixed  but  pulsating  in 
strength.  It  may  therefore  be  resolved  into  two  oppositely  rotating  con- 
stant fields.  One  of  these  revolves  through  space  with  twice  the  angular 
velocity  of  the  rotor,  and  the  other  revolves  in  the  opposite  direction  to 
the  rotor  and  is  stationary  with  respect  to  the  stator  coil.  The  former 
field  cuts  through  the  stator  coil  and  induces  in  it  an  alternating  current 
of  twice  the  frequency  of  that  in  the  rotor.  Next  suppose  that  both 
the  rotor  and   the  stator  coils  have  their  circuits  completed  .by 
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condensers  In  series  with  inductance  coils,  the  capacity  and  inductance 
l)eing  BO  adjusted  in  accordance  with  the  rules  explained  in  the  later 
sections  of  this  chapter  that  they  are  in  tune  for  certain  frequencies. 
It  is  shown  below  that  if  a  capacity  C  is  in  series  with  an  inductance 
L  the  circuit  responds  most  readily  to  electromotive  forces  having 
a  frequency  l/27r\/CL,  but  permits  only  the  flow  of  a  very  small 
current  through  it  if  the  frequency  of  the  impressed  E.M.F.  differs 
very  little  from  the  above  value.  If  then  the  rotor  coil  is  closed  by  a 
circuit  composed  of  a  condenser  G^  and  an  inductance  L^  adjusted  to 
respond  to  the  currents  of  the  frequency  a>/27r  or  the  fundamental 
frequency,  the  currents  set  up  by  the  revolution  of  the  rotor  will 
circulate  in.  this  circuit,  and  wOl,  as  above  mentioned,  create  a  field 
which  cuts  through  the  stator  coil  with  twice  the  angular  velocity 
of  the  rotor. 

If  then  the  stator  coil  S  is  closed  by  an  inductive  circuit  Lg  with 
capacity  Cj  and  if  these  are  adjusted  to  the  right  value  these  stator 
currents  of  frequency  2a>/27r  will  circulate  in  it.  The  correspond- 
ing stator  field  can  be  resolved  into  two  components  rotating  in 
opposite  directions  with  twice  the  angular  velocity  of  the  rotor. 
These  will  cut  through  the  rotor  coil  and  induce  in  it  currents  of 
frequencies  co/Stt  and  da>/2ir,  because  relatively  to  the  rotor  they  cut 
it  with  angular  velocities  either  equal  to,  or  else  three  times,  that  of 
the  rotor.  But  the  rotor  is  already  short-circuited  by  a  circuit  which 
can  pass  a  current  of  the  fundamental  frequency.  If  then  we  add 
another  condenser  C3  of  suitable  capacity  we  can  also  provide  a  path 
for  the  currents  of  threefold  frequency.  This  last  current  in  tmm 
produces  a  field  which  can  be  resolvea  into  two  oppositely  rotating 
fields  which  cut  the  stator  coil.  One  of  these  cuts  with  an  angular 
velocity  twice  that  of  the  rotor,  and  the  other  with  four  times  that  of 
the  rotor. 

The  stator  coil  is  short-circuited  for  currents  of  twice  the  rotor 
frequency.  If,  however,  we  attach  an  antenna  to  the  stator  circuit  or 
any  other  equivalent  capacity  adjusted  to  be  tuned  for  a  fourfold 
frequency  we  can  create  in  that  circuit  alternating  currents  having  a 
frequency  fourfold  that  of  the  fundamental. 

Hence  we  can  by  this  means  multiply  up  frequency  so  that  start- 
ing with  an  excitation  obtained  by  a  single-phase  alternating  current 
having  a  frequency  of  10,000  we  can  generate  one  of  40,QQ0,  or  to  any 
required  higher  frequency. 

Such  alternators  can  now  be  built  for  large  power  and  without 
any  dangerous  speeds  of  revolution  can  produce  alternating  currents 
of  a  frequency  high  enough  for  radiotelegraphy.  In  Fig  18  is  shown 
the  external  appeaxance  of  a  motor-driven  Goldschmidt  high  frequency 
alternator.  The  inventor  has  already  constructed  machines  of  200 
Idiowatts  output  at  a  frequency  of  50,000  and  for  higher  frequencies 
at  lesser  outputs. 

The  theory  of  the  Goldschmidt  alternator  has  been  considered 
very  luUy  by  T>r.  T.  R.  Lyle,  in  a  paper  read  before  the  British 
Xg&ocuktion  at  Birmingham.*    It  has  also  been  discussed  by  Sir  Oliver 

^  ^^  j,^  Electrician^  vol.  71,  p.  1004, 1913,  ou  the  **  Goldschmidt  Alternator,*' 
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Lodged  At  firsii  sight  it  might  appear  that  such  a  machine  could 
not  have  a  high  efficiency,  since  the  various  currents  of  intermediate 
frequency  constituting  the  steps  by  which  the  ultimate  high  frequency 
is  reached,  would  dissipate  energy  in  this  closed  inductive-capadty 
circuit  to  a  considerable  amount. 

The  reason  this  does  not  happen  is  that  these  intermediate  currents 
occur  in  pairs  of  equal  frequency  but  of  opposite  phase,  and  so  tend 
to  nullify  each  other. 

Thus  suppose  we  start  with  an  alternating  current  in  the  stator 
of  frequency  n ;  v^e  have  produced  in  the  stator  and  rotor  circuits 
currents  of  the  following  frequencies  by  the  reaction  of  the  revolving 
fields  and  rotating  rotor,  viz. : — 

In  the  Stator  Oixcait.  In  the  Rotor  Girouit. 

n  2n  and  0 

8»  and  n  4n  and  2n 

Sn  and  3n  6n  and  4n 

Now  a  little  consideration  will  show  that  the  second  current  of 
frequency  n  induced  In  the  stator  by  the  first  current  of  frequency  2n 
in  the  rotor,  is  opposite  in  phase  to  the  original  inducing  current  of 
frequency  n  in  the  stator.  Just  as  the  field  due  to  the  armature 
current  of  a  C.C.  dynamo  is  opposed  in  direction  to  the  permanent  or 
exciting  field,  and  just  as  the  secondary  current  in  an  ordinary  iron 
core  A.G.  transformer  is  nearly  opposite  in  phase  to  the  primary 
current,  so  the  secondary  induced  current  of  frequency  n  in  the  stator 
is  about  180°  different  in  phase  from  the  original  stator  current  of 
frequency  n.  In  the  same  way  all  the  pairs  of  currents  both  in  stator 
and  rotor  of  identical  frequency  cut  each  other  out  or  more  or  less 
neutralize  each  other.  Thus  the  pair  of  currents  of  Sn  frequency  in 
the  stator  are  opposite  in  phase,  and  also  the  pair  of  currents  of  2n 
and  i»  frequency  in  the  rotor.  Hence  we  are  left  only  with  the  un- 
DeatraUzed  current  of  highest  frequency.  If  there  were  no  magnetic 
leakage  and  no  dissipation  of  energy  in  the  various  closed  inductive- 
capacity  circuits  in  which  the  lower  harmonics  circulate  there  would 
be  a  complete  extinction  of  all  the  intermediate  harmonics,  and  all 
the  AppUed  energy  of  low  frequency  would  be  transformed  into 
oscillations  of  high  frequency. 

Aa  a  matter  of  fact  there  is  a  loss  at  each  "  reflection  "  due  to  iron, 
copper  and  dielectric  losses,  and  also  the  magnetic  leakage  will 
decrease  the  output  of  high  frequency  current  per  unit  of  energy  of 
applied  low  frequency  current. 

Hence  it  is  important  to  start  with  a  fairly  high  frequency  and 
ifmit  as  much  as  possible  the  number  of  frequency  transformations. 

TbiB  introduces  certain  mechanical  difficulties.    There  is  first  a 

limit  to  the  safe  peripheral  speed,  say  of  200  metres  per  second  at  the 

dreuwtBreoce  of  the  rotor.    Also  there  is  a  practical  limit  to  the 

TBvolatione  p©*"  minute  of  the  driving  motor,  say  3000  R.P.M.    Then 

iiiAre  is   »   limit  below  which  the  final  frequency  must  not  fall  if 

a<«  Oliver  I/odge,  on  a  **  Dynamo  for  Maintaining  Electrical  Vibrationa 
rf  ^^S^O0O<^"  ^*«-  ^-H?..  June.  WW. 
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the  machine  is  to  be  of  use  for  radiotelegraphy,  say  50,000.  This 
gives  us  a  limit  to  the  width  of  the  rotor  teeth.  For  if  we  desire  to 
have  not  more  than  five  frequency  transformations  we  must  start 
with  a  frequency  of  10,000.  If  the  rotor  is,  say,  125  metres  (=4  feet) 
in  diameter  and  has  400  cms.  perimeter  and  has  400  poles  of  1  cm. 
pitch,  then  at  a  speed  of  3000  E.P.M.  we  have  a  frequency  of 
(400  X  3000)  ~  120  =  10,000  =  n.  These  values  are,  however, 
practicable.  To  save  room  and  reduce  capacity  and  inductance  the 
rotor  and  stator  windings  are  each  a  simple  zigzag  winding  of  one 
wire  in  each  slot. 

The  wire  itself  is  composed  of  extremely  fine  high  conductivity 
copper,  insulated  and  stranded  so  as  to  nullify  skin  effect.  The  whole 
strand  has  to  be  well  insulated.  Th0  iron  cores  of  the  stator  and 
rotor  are  built  of  sheet  steel  0*002  inch  (==  0-05  mm.)  thick,  insulated 
with  paper  0*0012  inch  thick.  Thus  the  cores  of  the  machine  are  more 
than  30  per  cent,  paper.  The  clearance  of  the  rotor  is  only  ^  inch 
(=  0*8  mm.),  hence  the  form  must  be  truly  cylindrical  with  respect  to 
the  axis  of  rotation. 

As  the  peripheral  speed  is  200  metres  per  second  and  the  rotor  of 
the  150  kilowatts  machine  weighs  5  tons,  the  design  of  the  bearings  and 
lubrication  involved  great  consideration.  The  slots  in  the  rotor  and 
stator  have  to  be  absolutely  parallel,  and  a  deviation  of  1  part  in  a 
1000  from  true  parallelism  involves  a  loss  of  20  per  cent,  in  the  output 
of  the  machine. 

The  difficulties  of  collecting  the  currents  at  the  brushes  and  pre- 
venting loss  of  current  by  stray  capacity  paths,  required  great  thought 
to  overcome  them.  Nevertheless  these  difficulties  of  construction  have 
been  overcome  in  machines  built  up  to  sizes  of  150  kilowatts  or  200 
kilowatts. 

The  theory  of  the  Goldschmidt  alternator  has  also  been  very  fully 
discussed  by  Professor  Pupin  as  a  particular  case  of  the  general 
theory  of  asymmetrical  rotors  in  unidirectional  magnetic  fields. 

If  a  fixed  coil  and  a  rotating  coil  are  in  presence  of  each  other 
and  a  steady  E.M.F.  is  applied  to  the  two  in  series,  then  the  whole 
system  will  have  a  pulsating  reactance  and  periodic  currents  will  be 
set  up  in  it,  the  frequency  of  which  may  be  enhanced  by  suitable 
resonance.  The  full  details  of  Pupin's  theory  are  given  in  The  Pro- 
ceedings of  the  Institute  of  Radio  EngineerSt  vol.  ii.,  December,  1915, 
p.  385,  in  an  article  by  B.  Liebowitz,  to  which  we  must  refer  the 
reader. 

In  connection  with  high  frequency  alternators  it  is  necessary  to 
mention  the  alternators  of  MM.  Marius  Latom:  and  B^thenod.  If  an 
alternator  is  excited  with  a  single  phase  alternating  current,  we  may 
consider  this  fixed  alternating  field  to  be  resolved  into  two  oppositely 
rotating  constant  fields,  as  above  explained.  If  there  are  p  pairs  of 
poles,  and  if  the  alternator  armature  makes  N  turns  per  second,  and 
if  the  frequency  of  the  exciting  current  is  /,  then  the  rotation  of  the 
armature  produces  two  induced  currents  of  frequency  / —  N;t?  and 
/  +  N/?.  We  may  by  suitable  resonance  exalt  the  amplitude  of  the 
latter.  If  then  we  pass  this  current  of  augmented  frequency  into  the 
field-circuit  of  a  second  alternator  and  join  up  in  cascade  a  series  of 
such  alternators,  the  current  from   each  armature  going  into  the 
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field  of  the  next  machine,  we  have  a  final  equation  for  the  frequency 
/".  in  the  m^  alternator 

/.=/i+  (»'  -  1).  N/;  ==mNp 
since /i  =  N;i. 

Hence  by  the  use  of  m  alternators  in  cascade  we  can  augment 
frequency  m  times.  By  the  use  of  four  rotating  armatures  or  rotors 
on  one  shaft,  we  can  in  this  manner  quadruple  the  frequency  of  the 
first  armature. 

We  shall  discuss  in  the  last  two  sections  of  this  chapter  other 
mechanical  means  for  producing  continuous  oscillations. 

f .  Prodaotion  of  Damped  Electric  OsoiUations  by  the  Dis- 
charge  of  a  Condenser. — We  have  in  the  next  place  to  consider  the 
methods  employed  for  the  production  of  damped  oscillations.  These 
are  always  created  by  the  discharge  of  a  condenser  of  some  kind.  If 
two  conductors  receive  electrical  charges  of  opposite  sign,  in  other 
words,  are  brought  to  dififerent  potentials,  and  3  they  are  suddenly 
connected  through  a  conductor  having  inductance  but  small  resist- 
ance, the  equalization  of  their  potentials  takes  place  by  means  of  a 
discharge,  consisting  of  a  series  of  decadent  electrical  oscillations,  or 
movements  of  electricity,  to  and  fro  along  the  conductor. 

The  nature  of  this  phenomenon  is  best  explained  by  considering 
a  hydrodynamic  analogue.  Suppose  two  airtight  reservoirs  to  be 
connected  by  a  wide  pipe  having  in  it  a  valve  which  can  suddenly 
be  opened.  Let  one  vessel  contain  air  under  great  pressure,  and  let 
the  other  vessel  be  exhausted.  Then  the  difference  of  air  pressure 
between  the  vessels  is  analogous  to  the  difiference  of  electric  potential 
of  the  electric  conductors.  If  then  the  valve  in  the  pipe  is  opened, 
air  rushes  from  the  full  to  the  empty  vessel,  but  owing  to  its  inertia 
it  overshoots  the  mark,  and  after  equalizing  the  pressure,  for  an 
instant  reverses  the  relative  pressure  conditions  of  the  vessels,  and  the 
pressure  is  finally  equalized  only  after  a  series  of  gradually  subsiding 
to-and-fro  movements  of  air  in  the  pipe  have  taken  place.  Each 
vessel  has  successively  the  state  of  higher  and  lower  pressure,  but  in 
decrescent  degree. 

The  conditions  for  the  establishment  of  such  air  oscillations 
between  the  two  vessels  are,  however,  that  the  pipe  be  very  suddenly 
opened,  and  it  must  ofifer  but  little  resistance^  the  movement  of  the 
air.  If  the  pipe  throttles  the  air  motion,  then  the  pressure  would 
sink  gradually  in  one  vessel  and  rise  in  the  other,  but  there  would 
be  no  aerial  oscillations.  In  the  same  manner,  if  the  equalization  of 
the  ^ectric  potentials  of  the  charged  conductor  takes  place  through 
a  wire  of  high  resistance,  electric  oscillations  are  not  produced. 

We  may  employ  another  mechanical  illustration  of  the  same 
effect,  as  follows : — Suppose  a  glass  (J -tube  to  be  partly  filled  with 
mercary,  and  the  mercury  to  be  displaced  so  as  to  be  higher  in  one 
limb  than  the  other.  There  is  then  a  force  due  to  the  difiference  of 
lerel  nxging  the  fluid  to  return  to  an  equal  height  in  the  two  limbs. 
Let  the  mercury  be  allowed  to  return,  but  be  constrained  so  that 
it  is  released  slowly;  it  goes  back  to  its  original  position  without 
oscillations.     If,  however,  the  constraint  is  suddenly  removed,  then, 
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owing  to  inertiA  of  the  mercury,  it  oyershoots  the  position  of 
equilibrium  and  oscillations  are  created.  If  the  tube  is  rough  in  the 
interior  or  the  liquid  viscous,  these  oscillations  will  quickly  subside, 
being  damped  out  by  friction,  but,  other  things  being  equal,  the  denser 
the  Hquid  the  more  prolonged  will  be  the  time  of  the  oscillations. 

The  quality  we  call  inertia  in  material  substances  corresponds  in 
effect  with  the  inductance  of  an  electric  circuit,  and  the  mctional 
resistance  experienced  by  a  liquid  in  moving  in  the  tube,  with  the 
electric  resistance  of  a  circuit.  If  we  suppose  the  (J -tube  to  include 
air  above  the  mercury,  and  to  be  closed  up  at  its  ends,  the  com- 
pressibility of  the  enclosed  air  would  correspond  to  the  electrical 
capacity  in  a  circuit. 

The  necessary  conditions  for  the  creation  of  mechanical  oscilla- 
tions in  a  material  system  or  substance  are  that  there  must  be  a 
self -recovering  displaceability  of  some  kind,  and  the  matter  displaced 
must  possess  density  or  inertia.  In  other  words,  the  thing  moved 
must  tend  to  go  back  to  its  original  position  when  the  disturbing  or 
restraining  force  is  withdrawn,  and  must  overshoot  the  position  of 
equilibrium  in  so  doing.  Frictional  resistance  causes  decay  in  the 
amplitude  of  the  oscillations  by  dissipating  their  energy  as  heat. 

In  the  same  way  the  essential  condition  for  establishing  electrical 
oscillations  in  a  circuit  is  that  it  must  connect  two  bodies  having 
electrical  capacity  with  respect  to  one  another,  such  as  the  plates 
of  a  condenser,  and  the  circuit  must  itself  possess  inductance  and 
low  resistance.  Under  these  conditions  the  sudden  release  of  the 
electrical  strain  results  in  the  production  of  an  oscillatory  electric 
current  in  the  circuit,  provided  the  resistance  of  the  circuit  is  less 
than  a  certain  critical  value.  We  have  these  conditions  present  when 
the  two  coatings  of  a  charged  Leyden  jar  are  connected  by  a  thick 
copper  wire. 

Since  every  charged  conductor  is  merely  one  coating  or  surface  of 
a  particular  type  of  condenser,  it  follows  that  most  cases  of  electric 
discharge  in  the  form  of  a  spark  are  oscillatory  in  character.  It  is 
probable  that  many  lightning  flashes  are  oscillatory  discharges  on  a 
gigantic  scale.  In  a  later  chapter  we  shall  consider  the  methods  by 
which  the  existence  of  oscillations  set  up,  even  when  a  charged  metal 
ball  is  discharged  to  earth  by  a  spark  taken  by  the  knuckle,  can  be 
demonstrated. 

5.  General  Theorv  of  the  Discharge  of  a  Condenser.— It 

was  long  ago  suggested  that  the  discharge  of  a  Leyden  jar  does  not 
always  consist  in  the  flow  of  a  transient  unidirectional  current  through 
the  discharging  circuit,  but  is  in  some  cases  an  alternating  current 
diminishing  gradually  in  strength.  Joseph  Henry,  in  1842,  came  to 
this  conclusion,  guided  to  it  no  doubt  by  his  observations  on  the 
irregular  effects  attending  the  magnetization  of  steel  needles  by 
Leyden  jar  discharges.    He  remarks  * — 

"  The  discharge,  whatever  may  be  its  nature  (that  is,  of  a  Leyden  jar),  is  not 
correctly  represented  by  the  single  transfer  of  imponderable  fluid  from  one  side 
of  the  jar  to  the  other.  The  phenomena  require  us  to  admit  the  existence  of  a 
principal  discharge  in  one  direction,  and  then  several  reflex  actions  backwards  and 

»  "The  Scientific  Writings  of  Joseph  Henry,"  vol.  i.p.  201.  Washington,  1886. 
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fonoardSy  each  more  feeble  than  the  preceding,  until  equilibrium  is  obtained.  All 
the  facts  are  shown  to  be  in  accordanoe  with  this  hypothesis,  and  a  ready 
ezplimation  is  afforded  by  it  of  a  number  of  phenomena  which  are  found  to  be 
described  in  the  older  works  on  Electricity,  but  which  have  until  this  time 
remained  unexplained." 

Von  Helmholtz,  whose  penetrating  genius  opened  up  so  many 
new  ideas,  in  his  celebrated  essay  "  Die  Erhaltung  der  Kraft  *'  {**  The 
Conservation  of  Force  *■),  read  before  the  Physical  Society  of  Berlin, 
July  23,  1847,  said— 

"We  assume  that  the  discharge  of  a  jar  is  not  a  simple  motion  of  the 
electricity  in  one  direction  but  a  backward-and-forward  motion  between  the 
coatings,  in  oscillations  which  becomes  continuaUy  smaller  until  the  entire  vis 
viva  is  destroyed  by  the  sxmi  of  the  resistances." 

Lord  Kelvin  published  in  1853  a  classical  paper,  "  On  Transient 
Eilectric  Currents,"  *  in  which  the  discharge  of  the  Leyden  jar  was 
mathematically  treated  in  a  manner  which  elucidated  important  facts. 
He  recognized  the  influence  which  the  '*  electro-dynamic  capacity,'' 
or,  as  we  now  call  it,  the  indtwttvice,  of  the  discharge  circuit  had  upon 
the  effects,  and  he  established  an  equation  of  energy  which  expresses 
the  fact  that  the  energy  of  the  charged  jar  at  any  instant  is  partly 
being  dissipated  as  heat  in  the  discharging  circuit,  and  partly  conserved 
as  current  energy  in  that  circuit. 

Consider  the  case  of  a  charged  Leyden  jar  or  condenser  discharged 
through  a  circuit  having  resistance  and  inductance.  In  the  act  of 
discharge  the  electrostatic  energy  stored  up  in  the  condenser  is 
converted  into  electric  current  energy  and  dissipated  as  heat  in  the 
connecting  circuit.  At  any  moment  the  rate  of  decrease  of  the  energy 
in  the  jar  is  equal  to  the  rate  of  dissipation  of  energy  in  the  dis- 
charging circuit  plus  the  rate  of  change  of  the  kinetic  or  magnetic 
energy  associated  with  the  circuit. 

If  we  confine  our  consideration  of  the  problem  to  the  limited  case 
in  which  the  discharge  current  is  of  such  frequency  that  the  motion 
of  electricity  in  the  discharge  circuit  is  at  every  instant  in  the  same 
direction  in  all  parts  of  this  circuit,  and  uniformly  distributed  over  the 
cross-section  of  this  circuit,  we  can  set  out  the  elementary  theory 
following  Lord  Kelvin's  method  as  follows : — 

If  the  capacity  of  the  jar  is  represented  by  C,  the  resistance  of  the 
discharge  circuit  by  B,  and  the  inductance  of  that  circuit  by  L,  then 
an  equation  of  energy  may  be  stated  mathematically,  as  follows  : — 


-l[io-]=ii^*^3  +  »'^  •    •    •    <^) 


di 


or    LJ  +  E,=.-^j^ 


idt 


d:^q,^dq,l 
^'     .^/2+L-^/+LC^  =  ^        (^) 

or     Tr'q  +  rq  +  q=.0 (7) 

»  "  On  Transient  Klectric  Currents,"  by  Prof.  William  Thomson,  Phil.  Mag,, 
1858,  met.  4,  voL  v.  p.  893. 
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The  above  equation  (5)  is  merely  the  symbolical  expression  of 
the  fact  that  at  any  instant  the  rate  of  loss  of  energy  by  the  con- 
denser is  equal  to  the  sum  of  the  rate  of  dissipation  of  energy  in  the 
circuit  and  the  rate  of  storage  of  energy  in  the  magnetic  field  round  it. 

L  ' 

In  equation  (7)  T  is  written  for  ^  and  7"  for  OR,  whilst  q  and  q  1 

stand  for  the  first  and  second  time  differentials  of  q. 

The  above  differential  equation  belongs  to  a  class  which  occurs 
in  numerous  physical  investigations,  and  its  solution  in  the  last  form 
consists  in  finding  the  value  of  the  quantity  of  electricity  q  or  the 
charge  of  the  jar  at  any  instant  in  terms  of  the  time  and  the  three 
constants,  L,  K,  and  G.  An  equation  of  this  kind  has  two  solutions 
according  to  the  relations  of  the  constants. 

It  is  easy  to  shoy?^,  following  Lord  Kelvin,  that  the  nature  of  the 
solution  of  the  above  quotation  (6)  is  determined  by  the  relative  values 

L  L  L  R2 

of  the  quantities  p  and  LC,  or  by  ^  and  j.GR.      If  .j  ^  is  greater 

than  Y^,  that  is,  if  R  is  areater  thaft\/  7^,  or  if    1-  is  greater  than  :^, 

the  charge  in  the  jar  dies  away  gradually  as  the  time  increases,  in 
such  a  manner  that  the  discharge  current  is  always  in  one  direction. 

T 

The  ratio  p  is  called  the  tme-constant  {T)  of  the  discharge  circuit, 

and  the  product  CR  is  called  the  time-constant  (7")  of  the  condenser 
circuit.  Hence  the  above  condition  amounts  to  sa3ring  that  the  dis- 
charge is  unidirectional  when  T  is  less  than  jVrT',  that  is,  when 
the  time-constant  of  the  inductive  circuit  is  less  than  half  the 
geometric  mean  of  the  time-constants  of  the  inductive  circuit  and 
the  condenser  circuit. 

The  solution  of  equation  (6)  and  the  determination  of  these  con- 
ditions offer  no  difficiilty. 

Assume  q  =  Ae^K  where  A  is  some  constant,  c.  is  the  base  of  the 
Napierian  logarithms,  and  m  a  quantity  to  be  determined.  Then  by 
substitution  we  have — 

R           1 
Hence    m^  -|-     /w  +  tTs  =  0 •     .     .     (8) 

Solving  the  above  quadratic  equation,  we  have — 

_      R         /  R  vIT  £ 

^  -  ""  2L  "  V  4L2      LC 

R2  1 

Therefore  if  .  ^    is  greater  than  =^1,  the  roots  of  the  quadratic  (8) 

are  real,  and  the  solution  of  (6)  takes  the  form — 

^  =  AiC^i*  +  AgC^'* (9) 


\ 


r 
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In  the  above  equation  A^  and  A2  are  constants,  and  m^  and  m^  are 
the  two  real  roots  of  (8). 

If  we  call  Q  the  total  charge  of  the  jar  at  the  instant  when  the 
discharge  hegins,  and  reckon  the  time  t  from  that  instant,  then  when 
^  =  0  we  have  j'  =  Q.    Also  the  current  i  flowing  out  of  the  jar 

=  —  ^ ,  and  i  is  zero  when  ^  =  0. 

Hence  from  (9),  under  these  conditions,  we  have — 
^1  +  ^2  =  Q      ^^^  AjWjL  +  A2m2  =  0 
Therefore    A,=Q   ---2—         and  Ao  =  -  Q      "^^ 

Hence  the  complete  solution  of  equation  (6)  in  the  case  of  the  above 
defined  conditions  is  — 


where    "'x  =  -i,+^^- 1^=  -  a  +  p 

and     ms  =  —  ,r  —a./      -  —  -   -  =  —  a  —  B 

The  current  %  at  any  instant  flowing  out  of  the  condenser  is  found 
by  differentiating  equation  (10)  with  respect  to  /. 

Therefore  1  =  -  "*i^«?Yc^i<  -  €*»«*)    ....    (12) 

m2  —  /WjV  / 

But  when  /  =  0,  t  =  0,  and  when  <  =  00  ,  1  =  0.     Hence  at  some 
instant  the  current  has  a   maximum  value,  and   by  differentiating 

equation  (12)  it  is  easily  found  that  at  a  time  t=    ^^   ^  ~"    ^^  _*,  the 

m^  —  nti 

current  1  has  a  maximum  value. 

Accordingly  this  result  shows  us  that  when  the  resistance,  indue- 

R2  1 

tance,  and  capacity  are  so  related  that  ^^  2  ^  greater  than  ^r^,  or, 

which  is  the  same  thing,  when  —r-  is  greater  than  t>,  then  the  discharge 

from  the  condenser  is  unidirectional,  but  rises  up  to  a  maximum  value 
and  then  deca3r8  (see  Fig.  19). 


Q        Tin  Axis 
Fk;.  19. — Curve  representing  the  Dead-beat  DiBcbacge  Current  of  a  Condenser. 
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OR  Li 

On  the  other  hand,  if  -^  is  less  than  zp,  the  roots  of  the  quadratic 

(8)  are  unreal,  and  may  he  written  in  the  form — 

mi  =  -a  +  m J3J 

»»8  =  — a— ^p5 

where  j  =  V -l.a  =  -^,Biii  p=^A^  ^- ^^^ 

In  this  case  the  solution  of  pKj  is — 

^  =  AiC-(«-i^)^  +  A2C-(«+JW.     .     .     .     (14) 

Bearing  in  mind  the  exponential  values  of  the  sine  and  cosine, 
viz. — 

Sm  ^  = -r ,   cos  ^  =  jr 

we  can  write  equation  (14)  in  the  form  — 

q  =  c-«*{(Ai  +  Ag)  cos  jK  +y(Ai  -  Ag)  sin  pt\ 

Hence  from  the  values  of  A^  and  Ag  already  obtained  we  arrive  at  the 
equation — 

Q  == 1(^2  —  mi)  cos  pt  +j(m2  +  mi)  sin  j3/\ .     (15) 

as  an  expression  for  q. 

Therefore  since   the  discharge  current  t  ==  —  --,  we  have  by 
diflferentiation  of  (15)— 

»=  Q5Z^/(m2— Wi)(a  cosj3/+j8  sm^)-^j{mi-\-m^{a  sinj8/— jScos  jS^} 

?«2 — ^1^ 

and  from  the  values  for  Wj  and  m2  given  above  we  have  finally — 

i=:=Q€-«^'*-'J-^^)sinja        ....     (16) 

If  in  equation  (15)  we  substitute  the  values  of  m^  and  W2  given  in 
equation  (13),  we  have — 

^  =  Qc  -  «^cos  jS^  +  5  sin  j8/) 

Also  if  V  is  the  potential  difference  of  the  plates  of  the  condenser  at 
the  time  t,  and  V  their  initial  potential  difference,  Q  =  CV  and  q  =  Gv, 
where  C  is  the  capacity.     Hence — 


V  =  Vc-«^(^cos  pt  +  |sin  pt^ 


In   all  practical  cases   of  oscillatory  circuits  the  ratio  x  is   small 

1  ^ 

compared  with  unity,  and  then  j8  =    /j  ^•'   Lower  down  (see  equa- 
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tion  (20))  this  last  quantity  j3  is  shown  to  he  equal  to  27rn  =  p,  when 
E  =  0  or  a  =  0.  Hence  under  these  conditions  the  above  equation 
and  also  equation  (16)  take  the  form — 

r  =  Ve-«*co8^/     I  ^yv 

i  =  CpVc"""*  sin  pi) 

These  last  equations  are  of  the  same  form  as  the  expression 

i  =  l€"**  sin  pi  given  on  page  4  as  the  equation  for  the  wavy  line 
obtained  by  the  projection  of  the  point  moving  along  a  logarithmic 
spiral.  They  show,  therefore,  that  both  the  currents  in  the  circuit  and 
the  potential  difference  of  the  condenser  plates  decay  in  accordance 
with  the  law  of  a  damped  oscillation  train. 

It  is  necessary,  however,  to  call  attention  at  this  point  to  the  fact 
that  when  circuits  are  traversed  by  high  frequency  currents  the 
resistance  B  and  the  inductance  L  of  the  discharge  circuit  which 
make  their  appearance  in  the  above  equations  have  not  the  same 
numerical  values  as  the  resistance  and  inductance  involved  when 
steady  continuoiis  currents  are  passing  through  the  circuit.  Accord- 
ingly, the  s^bove  statements  as  to  the  condition  under  which  the 
oscillatory  form  of  discharge  is  produced  are  subject  to  a  certain 
correction,  but,  broadly  speaking,  we  may  say  that  when  the  resist- 
ance of  the  discharge  circuit  is  very  low  the  discharge  will  take  the 
oscillatory  form.^o  If  we  examine  the  equation  (16)  for  the  discharge 
current,  we  see  that  it  shows  that  the  current  is  zero  at  intervals  of 
time  corresponding  to  sin  j3/  =  0.  It  follows  that  these  times  of 
zero  current  are  therefore  spaced  out  at  equal  intervals,  each  equal 

to  ^.     Also  the  maximum  values  of  the  currents  in  either  direction 

P 
decay  away  in  geometric  progression  as  the  times  increase  in  arith- 
metic progression.  The  discharge  current  in  the  two  cases,  viz.  the 
dead-beat  case  and  the  oscillatory  case,  corresponding  to  the  equations 
(12)  and  (16),  can  therefore  be  represented  graphically  by  the  two 
curves  shown  in  Rg.  19  and  Fig.  20. 

The  ordinates  of  the  curve  in  Fig.  19  represent  the  discharge 
current  at  various  instants  during  the  discharge  in  the  dead-beat  or 
Don-OBcillatory  case,  and  the  ordinates  of  the  curve  in  Fig.  20,  the 
currents  in  the  oscillatory  case.  In  this  last,  the  ordinates  above  the 
datum  line  represent  currents  in  one  direction,  and  those  below, 
currents  in  the  opposite  direction.  The  gradual  decrease  of  the 
maximum  ordinates  indicates  the  damping. 

The  Napierian  logarithm  of  the  ratio  of  any  maximum  current 
or  ordinate  to  the  next  maximum  in  the  opposite  direction  multiplied 
by  twice  the  frequency,  gives  us  the  value  of  the  damping  coefficient 

**  See  Moiiong  1  and  2,  Chap.  II.,  of  this  treatise.  When  the  frequency  is  so 
low  thai  the  disoharge  ourrent  is  anlformly  distributed  over  the  cross-section  of 
the  eoodiietor,  or  when  the  conductor  is  so  laminated  that  this  is  the  case,  the 
quaatitj  R  in  the  equations  above  is  the  ordinary  or  ohmic  resistance  and  L  is 
the  ordinary  inductance,  but  when  the  frequency  is  so  high  that  the  current  is 
not  lo  distributed,  then  the  resistance  R  and  inductance  L  must  be  replaced  by 
the  high  frequency  resistance  and  iqductanoe  of  the  circuit. 
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R 

a  as  shown  in  section  2.     Accordingly,  we  have,  a=^^^  =  2;iS,  and 

p  =/w/ -—  —        .      Taking  ^  to  represent   the  interval  of   time 

between  two  successive  values  of  zero  discharge  current,  when  it  is 
oscillatory,  we  see  from  the  above  that — 

^"^  (18) 


J8~ 


V  LG- 


LC  ""  4L2 


Hence  the  oscillations  are  isochronous,  and  their  frequency  n  =  ^^^ 


^  ^  1      /  1        R2 


(19) 


Fia.  20.^-Gurye  representing  the  Damped  Oscillatory  Discharge  Current 

of  a  Condenser. 


K2 


LC 


If  E  is  so  small  that    -^^  can  be  neglected  in  comparison  with 
,  then  the  frequency  is  given  by  the  expression — 


n  = 


2^\/LC 


(20) 


In  this  equation  (20)  the  quantities  G  and  L  must  be  measured  in 
homologous  units  when  the  expression  is  employed  in  practical 
calculations.  That  is  to  say,  G  and  L  must  both  be  expressed  or 
measured  in  electromagnetic  units  or  both  in  electrostatic  units  or 
else  in  practical  units,  viz.  in  farads  and  henry s. 

In  the  majority  of  cases  with  which  we  are  concerned  in  radio- 
telegraphy  the  resistance  of  the  oscillatory  circuit  is  negligible,  the 
capacity  is  small,  and  conveniently  measured  in  microfarads  or  frac- 
tions of  a  microfarad,  and  the  inductance  is  best  expressed  in 
absolute  G.G.S.  electromagnetic  units,  viz.  in  ceniimefres. 

Bearing  in  mind  that  a  microfarad  is  10-®  of  a  farad,  or  10- 1^  of 
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an  absolute  electromagnetic  unit  of  capacity,  we  can  convert  the 
above  formala  (20)  for  the  frequency  n  into  the  form 

»=-  5033  Xl0«  21) 

Vcapacity  in  microfarads  X  inductance  in  centimetres ' 

The  constant  5-033  is  the  value  of  -2-— —  ,  which  is  required  in  the 

27r 

transformation  of  the  units,  and  in  practice  may  be  taken  as  equal 

to  5.    We  shall  frequently  have  occasion  to  make  use  of  the  above 

formula  in  practical  calculations. 

K  we  only  require  an  expression  for  the  frequency,  and  are  not 

concerned  with  the  instantaneous  value  of  the  terminal  potential 

difiference  of  the  condenser,  or  with  the  current  at  any  instant,  the 

equation  (18)  can  be  reached  in  a  more  simple  manner  as  follows :  ^^ 

Let  us  suppose  that  a  condenser  having  a  capacity  G  and  dielectric 

conductance  S,  discharges  with  oscillations,  through  a  coil  having 

inductance  L  and  resistance  B.     Damped  oscillations  will  then  be 

set  up,  and  since  the  potential  difiference  of  the  condenser  terminals 

is  a  function  of  the  time  of  the  form  Ye"^^  cos  pt,  it  can  be  repre- 
sented as  proportional  to  the  real  part  of  €^^,  where  P  =  j3+ya, 

y=\/ — 1,  and  )3  =  27m,  n  being  the  frequency.  Hence,  at  the 
instant  when  the  discharge  current  has  a  value  I,  the  potential  differ- 
ence of  the  condenser  terminals  is  I^S  -j-yPG)'^,  and  the  potential 
fall  down  the  coil  must  be  I(K  -^-fPU).  Since  there  is  no  impressed 
E.M.R  in  the  circuit,  the  sum  of  these  quantities  must  be  zero. 
Hence — 

(R+yPL)  +  (S+jPC)-'  =  0  .    .    .     .    (22) 

Multiplying  out  and  writing  2a  for  K/L,  2b  for  S/G,  and  adding 
(a  —  ft)2  to  both  sides,  we  have — 

l;T  +  (fl  +  6)}2=>2J^^-(a-&)8}.    .    .    (23) 
Hence,  solving  this  quadratic,  we  have — 

P  =  /S  +Ja  =j(a  +b)± /s/^^^  -  (a  -  fc)2  .     '.    (24) 

Accordingly  equating  real  parts — 


If  S  =  0  this  gives  us  the  formula  (19),  and  since  a  =  a  +  5,  it 
shows  U8  that  the  ratio  of  two  successive  oscillations  is  c~("+'')^/*^ 
where  T  is  the  complete  time-period  oscillation. 

It  is  clear,  therefore,  that  both  resistance  in  the  coil  and  con- 
ductance in  the  condenser  dielectric  have  the  effect  of  reducing  the 
frequency  or  lengthening  the  time  period,  but  that  if  K/L  =  S/G  the 

»»  See  J.  A.  Fleming,  Proc,  Pkys.  8oc.  Land,,  vol.  26,  p.  217, 1913,  "  Some 
OBcillogramB  of  Condenser  Discharges  and  a  Simple  Theory  of  Coupled  Oscillatory 
Circoita.*' 
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a  as  shown  in  section  2.     Accordingly,  we  have,  a  =  ^f  =  2n8,  and 

/I         S^^  7' 

p  =a/  —~ ^-„.     Taking  ^   to  represent   the  interval  of   time 

between  two  successive  values  of  zero  discharge  current,  when  it  is 
oscDlatory,  we  see  from  the  above  that — 


27r 


V  LG- 


E2 
LC  "^  4L2 


(18) 


Hence  the  oscillations  are  isochronous,  and  their  frequency  n  = 


„_i  /I    I 


LC  ""  4L2 


(19) 


Fig.  20.^-Carye  representing  the  Damped  Osoillatory  Discharge  Carrent 

of  a  Condenser. 


B2 


LC 


If  R  is  so  small  that  —  -  can  be  neglecJted  in  comparison  with 
,  then  the  frequency  is  given  by  the  expression — 


n  = 


27rVLC 


(20) 


In  this  equation  (20)  the  quantities  C  and  L  must  be  measured  in 
homologous  units  when  the  expression  is  employed  in  practical 
calculations.  That  is  to  say,  C  and  L  must  both  be  expressed  or 
measured  in  electromagnetic  units  or  both  in  electrostatic  units  or 
else  in  practical  units,  viz.  in  farads  and  henrys. 

In  the  majority  of  cases  with  which  we  are  concerned  in  radio- 
telegraphy  the  resistance  of  the  oscillatory  circuit  is  negligible,  the 
capacity  is  small,  and  conveniently  measured  in  microfarads  or  frac- 
tions of  a  microfarad,  and  the  inductance  is  best  expressed  in 
absolute  C.G.S.  electromagnetic  units,  viz.  in  centimetres. 

Bearing  in  mind  that  a  microfarad  is  10-®  of  a  farad,  or  10-~is  of 
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lenses  projected  upon  a  photographic  plate  images  of  the  spark  of  the 
jar.  The  lenses  were  set  at  varioas  distances  from  the  centre  of 
the  disc  so  that  each  lens  formed  its  own  separate  curved  image  of 
the  spark,  which  was  circular  in  form. 

The  Leyden  jar  was  replaced  in  some  experiments  hy  a  condenser 
formed  of  a  number  of  sheets  of  window  glass  with  metal  plates  or 
coatings  placed  between,  and  was  connected  in  series  with  a  large 
inductance,  so  as  to  give  to  the  circuit  a  somewhat  low  natural 
frequency. 

The  capacity  of  the  condenser  was  measured,  and  the  inductance 
also  predetermined.  The  capacity  used  was  about  01  of  a  micro- 
farad. The  inductance  consisted  of  a  large  coil  of  insulated  wire 
haying  an  inductance  of  0*026  of  a  henry.  Hence  the  oscillation 
frequency  was  about  3300.  The  several  images  of  the  spark  were 
projected  by  the  revolving  lenses  upon  a  photographic  plate  and 
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Fio.  2S. — Photograph  of  an  Osoillatory  Mectric  Spark  taken  by  Prof.  Boys  with 

a  Revolving  Lena. 

drawn  out  into  segmental  bands,  broken  up  into  dark  and  bright 
portions,  corresponding  to  the  electric  oscillations.  From  the  known 
speed  of  the  lens  disc,  the  time  interval  corresponding  to  each 
separate  spark  image  could  be  calculated.  One  of  the  photographs 
is  shown  in  Fig.  22.  The  photographs  showed  from  14  to  23  oscilla- 
tions per  spark,  and  the  measured  periodic  time  or  frequency  agreed 
very  well  with  that  calculated  from  the  inductance  and  capacity. 

Professor  J.  Trowbridge  has  also  obtained  some  interesting  photo- 
graphs of  oscillatory  sparks  taken  from  the  discharge  of  a  large  glass 
plate  condenser  charged  by  means  of  a  battery  of  20,000  small  lead 
storage  cells.  The  battery  was  employed  to  charge  the  condenser 
plates  in  parallel,  and  then  these  last  were  changed  oy  a  commutator 
into  series  so  as  to  add  up  the  potentials.  In  this  manner  he  obtained 
dischargee  representing  a  potential  difference  of  3  million  volts.^s   The 

^*  See  a  paper  read  by  Professor  J.  Trowbridge  at  a  meeting  of  the  American 
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BparkB  were  6  or  7  feet  io  length,  and  photographs  of  them  showed 
distinctly  their  oscillatory  character  (sae  Fig.  23). 

By  using  a  large  inductance,  the  frequency  was  reduced  as  low  as 
800.  The  frequency  of  the  oscillatory  spark  represented  in  Fig.  23 
1^5000. 

Trowbridge  found  that  with  potentials  of  3  million  volts  air  at 
ordinary  pressures  became  conducting,  and  he  also  showed  by 
photographs  that  the  diecharges  through  air  at  this  potential  re- 
eembled  miniature  flashes  of  lightning,  and  were  clearly  oscillatory 
in  character. 

FrofeBsoT  Trowbridge  has  also  given  in  another  place  some  beau- 
tiful raproduofciona  of  photograpbB  of  osoillatory  sparks. i*  In  these 
-  experiments  a  condenser  was  charged  by  an  induction  coil  actuated 
by  an  alternator,  and  the  discharge  took  place  aorose  a  spark  gap  in 
a  primary  coil  or  circuit  having  inductance.  This  circuit  acted  induc- 
tively upon  the  two  other  circuits,  also  having  inductance  and  capacity 
in  them,  and  each  also  having  a,  spark  gap. 

The  images  of  sparks  occurring  at  the  three  spark  gaps  were  simul- 
taneously photographed  by  being  thrown  on  a  sensitive  plate  after 


Fio.  28.— Pbotograpb  of  OBoUlatory  Electric  Sparks,  talceu  by  Prof.  Trowbcidgs. 

reflection  from  a  revolving  mirror.  The  spark  images  were  therefore 
drawn  out  into  bands  of  light  (see  Fig.  24),  and  these  were  serrated 
at  the  edges  when  the  spark  was  oscillatory. 

These  researches  clearly  showed  that  even  when  the  primary 
spark  was  not  oscillatory  it  could  yet  give  rise  to  an  oscillatory 
secondary  current  in  one  of  the  adjacent  circuits. 

Another  matter  studied  by  Professor  Trowbridge  was  the  influence 
of  the  magnetic  permeability  of  the  material  in  and  near  the  discharge 
circuit. 

If  the  inductance  coil  through  which  the  condenser  discharge  takes 
place  has  an  iron  core  inserted  into  it,  the  resulting  increase  of  induct- 
ance shows  itself  by  the  reduction  in  frequency  of  the  oscUlatory  spark. 
Also  since  the  magnetic  hysteresis  of  the  iron  demands  an  energy 
expenditure,  this  damps  out  the  oscillations  more  quickly  than  would 
otherwise  be  the  case.  This  is  well  indicated  by  some  photographs  of 
oscillatory  sparks  taken  by  Dr.  E,  W.  Marchant  in  Lord  Blythswood's 
laboratory  at  Renfrew,  He  photographed,  by  the  aid  of  a  revolving 
mirror,  the  oscillatory  spark  obtained  by  discharging  a  condenser 

Academy  of  Arts  and  SoianoeB,  Harvard  Univeraity,  Cftmbridge,  U.S.A.,  or  Nature, 
August  2, 1900,  vol.  63,  p.  326, "  On  some  Beaults  obtained  witb  a  Storage  Battery 
of  Twenty  Thouiand  CelU." 

'•  See  Phil.  Mag.,  AngUBt,  1894,  ser.  6,  vol.  38,  p.  182,  Plate  VII. 
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foimed  of  gl&Bs  plates  coated  with 
tinfoil.  The  condenser  had  a 
capacity  of  006  microfarad,  and 
the  reaiBtance  coil  through  which 
it  was  discharged  an  inductance 
of  0-005  henry.  The  frequency 
was  therefore  about  9000,  The 
condenser  was  charged  to  13,500 
Tolts.  The  image  of  the  epark  in 
the  revolving  mirror  is  shown  in 
Pig.  35. 

A  core  of  550  iron  wires  No. 
38  S.W.G.  was  then  inserted  in 
the  inductance  coil,  and  the  sparic 
again  photographed.  In  this  last 
case  the  frequency  of  the  osculla- 
tions,  as  shown  by  the  time- 
interval  between  the  successive 
images,  is  markedly  decreased 
(see  Fig.  26).  Also  the  docay  of 
the  oscillations  is  seen  to  be  in- 
creased, thus  showing  the  aug- 
mented damping  due  to  the  iron 
core.** 

If  the  oscillations  do  not  ex- 
eead  a  certain  frequency,  one  of 
the  simplest  methods  of  photo- 
graphing them  and  comparing  the 
obeerred  frequency  with  that 
calculated  from  the  capacity  and 
indnotance,  isthe  method  adopted 
by  Dr.  A.  Schuster  and  Dr.  G.  A. 
Hemsalech.i" 

In  this  case  a  circular  sheet 
of  photographic  sensitive  film  is 
attached  to  the  flat  surface  of  a 
steel  disc  which  revolves  inside  a 
closed  box.  The  disc  is  capable 
of  revoU'ing  at  a  speed  of  130 
turns  per  second,  and  as  it  has  a 
diameter  of  about  33  cms.,  a  point 
near  the  edge  has  a  huear  velocity 
of  about  10,000  cms.  per  second,  or 
100,000  mms.  per  second.  The 
box  in  which  the  diso  is  contained 
baa  a  small  sUt  opposite  the  peri- 
pher}'  of  the  disc,  and  by  means  of 

I*  Sae*  letter  hy  Dr.  E.  W.  Marcbaut, 


FiG.M.-PhotogPaphB  o(  OBOiltalory 
Electric  Sparks  by  Prof.  Trowbndge, 
Ukeo  with  a.  Revolving  M'^ror. 
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a  lens  an  image  of  another  slit,  illuminated  by  an  electric  spark  behind 
it,  can  be  thrown  upon  the  sensitive  film.  When  the  spark  is  contin- 
uous, the  photographic  image  on  the  film  is  a  band  of  light,  the  length 
of  which  corresponds  with  the  duration  of  the  spark,  but  when  the 
spark  is  oscillatory,  the  image  is  a  series  of  separated  images.  As 
1  mm.  between  the  images  corresponds  to  about  000001  of  a  second, 
we  can  determine  from  the  angular  separation  of  the  images  and  the 
speed  ef  the  disc  the  frequency  of  the  oscillations.  In  Fig.  28  is 
shown  a  photograph  of  the  oscillatory  spark  taken  by  Dr.  Hemsalech 


PiO.;,aj.— CoU  without  Iron  Core.  Fiq.  26.— Coil  with  Iron  Core. 


by  this  means.  Fig.  27  shows  the  image  on  the  plate  when  the  disc 
is  at  rest,  and  Fig.  28  shows  the  imageof  the  oscillatory  spark  pro- 
duced when  a  condenser  consisting  of  eight  large  Leyden  jars 
(capacity  about  0-048  mfd.)  was  discharged  through  an  inductance 
of  0042  henry  or  42,000,000  cms." 

The  frequency  is  therefore  about  3500  complete  periods  per  second. 

If  the  bobbin  forming  the  inductance  had  an  iron  core  18  mms. 
in  diameter  inserted  into  it,  the  eflfect  was  to  greatly  reduce  the 
number  of  oscillations  in  the  train  (see  Fig.  29).  This  photograph 
shows  clearly  that  the  iron  core  absorbs  some  of  the  energy  of  the  dis- 
charge and  acts  as  an  additional  damping.  As  already  stated,  this  is 
due  to  the  magnetic  hysteresis  loss  and  to  the  energy  loss  due  to  the 
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Fig.  37.  Pig.  2S.  Pig,  29. 

Fholograplis  of  an  OBcillstory  Electric  Sparli,  by  Dr.  HeraBftleoh. 

eddy  electric  currents  set  u^  in  the  core  by  the  rapid  oscillatory  mag- 
netization to  which  it  is  subjected.  These  photographs  are  interesting 
because  they  reveal  to  us  something  of  the  mechanism  of  the  discharge. 
By  examining  the  image  of  the  spark  with  a  spectroscope,  Dr.  Schuster 
and  Dr.  Hemsalech  have  shown  that  in  this  case  the  first  effect  of  the 
initial  oscillation  is  to  pierce  the  air  between  the  discharge  halls,  or 
rather  that  the  electric  current  constituting  the  first  oscillation  is 

"  See  A.  SchuetarandG.  A.  Hemsalecli,PhvJ.  Trana.  fioj/.  Soe.,  1899,  vol  193 
p.  189.  Also  a.  A.  Hamaaleoh,  CompU)  liertdua,  1901,  vol.  190  p  898"  vol  13a' 
p.  917.  r  .        .        . 
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carried  by  conduction  through  the  aur  of  the  spark  gap.  This  forms 
the  so-called  "pilot  spark/'  which  is  well  shown  in  certain  photo- 
graphs. The  energy  of  this  first  oscillation  volatilizes  some  of  the 
metal  of  the  spark  balls  and  creates  a  supply  of  metallic  vapour, 
which  conducts  the  next  oscillation,  and  thereafter  each  oscillation 
travels  in  or  by  the  conducting  metallic  vapour  produced  by  the  pre- 
ceding oscillation,  and  in  turn  creates  a  further  supply.  Hence  the 
energy  of  the  oscillatory  discharge  is  chiefly  expended  in  creating  the 
metallic  vapour  between  the  electrodes  whereby  the  discharge  passes. 
Interesting  questions  therefore  arise  as  to  the  resistance  of  the  electric 
spark,  and  whether  this  resistance  remains  constant  during  the  whole 
period  of  a  train  of  oscillations.  We  shall  return  to  the  consideration 
of  this  matter  in  connection  with  the  damping  of  electrical  oscillations 
in  circuits  containing  a  spark  gap.i^  Meanwhile  it  is  sufficient  to  say 
that  the  resistance  of  an  oscillatory  spark  as  used  in  wireless  tele- 
graphy is  rarely  more  than  a  fraction  of  an  ohm.  It  does  not  remain 
constant  during  the  discharge,  but  increases  towards  the  end  of  each 
train  of  oscillations.  Generally  speaking,  it  may  be  said  that  the 
larger  the  quantity  of  electricity  which  passes  at  each  oscillation,  the 
less  is  the  equivalent  spark  resistance. 

It  is  found,  however,  that  the  equivalent  resistance  of  a  single 
spark  or  single  isolated  group  of  oscillations  is  different,  and  greater 
than  that  of  a  closely  recurring  series  of  oscillatory  electric  discharges. 

Whilst  the  above-described  methods  enable  us  to  photograph  and 
thus  analyze  an  oscillatory  discharge,  there  are  other  processes 
which  enable  us  to  observe  visually  the  oscillations 
which  compose  the  train,  or  at  least  some  optical 
effects  equivalent  to  them.  Four  such  methods  are 
known  and  used,  viz.  those  depending  on  the  use 
of  an  oscillograph,  a  Braun  cathode  ray  tube,  a 
Gehrcke  oscillographic  vacuum  tube,  and  lastiy 
a  method  which  depends  upon  the  effects  of  an  air 
blast  upon  an  oscillatory  spark. 

The  first  of  these  methods  with  the  oscillograph 
is  only  suitable  for  the  objective  representation  of 
or  for  photographing  oscillations  of  relatively  low 
frequency,  say,  a  few  hundreds  up  to  1000  or  1200 
per  second. 

An  oscillograph  is  a  type  of  galvanometer  in 
which  the  movable  part  of  the  instrument,  whether 
coil  or  needle,  which  is  displaced  when  a  current 
flows  through  it  has  such  a  high  natural  time  period 
of  its  own,  from  5^  to  y^^  of  a  second,  that  it 
can  follow   consecutively  the   fluctuations  in  the 


I 


f 


r^^'^r' 


Pig.  80.— Diagram 
of  Duddell  Oscil- 
lograph. 


▼aloe  of  a  periodic  current  passing  through  the 
instrument,  when  these  are  not  too  rapid. 

In  one  form  as  constructed  by  Duddell,  it  consists  of  a  loop  of 
fine  wire  (see  Fig.  30)  placed  in  a  strong  magnetic  field  having  a 
small  mirror,  M,  resting  on  the  two  wires  forming  the  loop.  A  ray 
of  light  from  an  arc  lamp  falls  on  this  mirror,  aQd  is  then  again 
reflected  from  a  larger  mirror  on  to  a  screen  or  photographic  nlm. 

^*  See  Ghap.  III.  of  Uu9  t79atii>e. 
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When  an  alternating  current  is  passed  through  the  loop  of  wire,  the 
two  sides  of  the  loop  vihrate  so  that  the  attached  mirror  oscillates 
synchronously  ahout  a  vertical  axis.  The  second  mirror  is  made  to 
oscillate  by  a  small  motor  synchronously  about  a  horizontal  axis,  and 
the  combined  motions  cause  the  ray  of  light  to  possess  a  double 
motion  and  to  delineate  on  the  screen  a  curve  which  reproduces 
the  wave  form  of  the  alternating  current  in  the  wire  loop  of  the 
oscillograph. 

To  adapt  this  appliance  to  delineate  the  discharge  of  a  condenser, 
the  author  fixed  on  the  shaft  of  an  alternator  a  disc  of  insulating 
material,  having  on  its  edge  brass  sectors.  Against  this  disc  three 
brass  wire  brushes  press,  and  the  sectors  are  so  arranged  that  as  the 
disc  revolves  the  middle  brush  is  alternately  connected  first  to  one 
and  then  to  the  other  of  the  outside  brushes.  If,  then,  a  condenser, 
battery,  and  oscillograph  loop  are  joined  up  as  shown  in  Fig.  31,  it 
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Fig..  81.— Arrangement  of  Condenser,  C ;  Commutator,  Com. ;  battery,  B ; 
and  oscillograph,  O,  for  delmeating  Condenser  Discharge  Curves. 

will  be  evident  that  as  the  disc  revolves  the  condenser  is  alternately 
charged  by  the  battery  and  discharged  through  the  oscillograph. 
The  number  of  sectors  on  the  disc  is  made  the  same  as  the  number 
of  pairs  of  magnetic  field  poles  of  the  alternator.  The  small  syn- 
chronous motor  of  the  oscillograph  is  then  driven  by  the  current 
of  the  alternator.  Hence  the  ray  of  light  reflected  on  to  the  screen 
of  the  oscillograph  continually  repeats  the  same  motion,  and  a 
naturally  non-repetitive  process,  like  the  discharge  of  a  condenser,  is 
made  periodic,  and  therefore  suitable  for  record  by  the  oscillograph. 

Photographs  can  then  be  taken  showing  the  variation  of  the 
condenser  discharge  current  for  various  capacities,  inductances,  and 
resistances  in  the  discharge  circuit.  In  the  Pender  Electrical 
Laboratory,  University  College,  London,  a  number  of  such  discharge 
curves  have  been  photographed,  using  a  parafiin  paper  condenser 
of  capacity  variable  between  0-5  and  7*0  mfds.,  an  inductance 
consisting  of    a   long    helix    of    copper    wire    of    31    millihenrys 
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=  (31  X  10<^)  cms.,  and  added  non-inductiye  resistances  of  various 
values.  The  curves  given  in  Plate  I,  Figs.  1  to  5  (see  p.  128),  are 
reproductions  of  these  photographs.  Curves  1  to  5,  inclusive,  are  the 
discharge  curves  of  various  capacities  from  4*0  to  0*25  mfd.  through 
an  inductance  always  equal  to  31*5  millihenrTS.  In  curves  6  to  10, 
inclusive,  a  capacity  of  5*0  mfd.  had  non-inductive  resistances  varying 
from  4*4  to  112  ohms  added  in  series  with  it  and  .with  the  inductance 
coil,  which  itself  had  a  resistance  of  7  ohms  and  inductance  of  31*5 
millihenrys. 

These  photographs  show  in  a  striking  manner  the  way  in  which 
the  time  period  increases  with  the  capacity.  They  also  show  how 
the  introduction  of  resistance  into  the  circuit  damps  out  the  oscilla- 
tions. It  should  be  noted  that  in  some  of  the  photographs  the  time 
interval  allowed  by  the  commutator  for  the  discharge  was  not 
sufficient  to  take  in  all  or  nearly  all  the  oscillations  which  would  have 
taken  place  if  circumstances  had  permitted.^^ 

The  resistance  of  the  circuit  at  which  the  oscillations  just  become 
extinguished  or  dead-beat  agrees  well  with  that  calculated  from  the 
formula  (18),  viz.  156  ohms. 

Another  method  of  objective  representation  is  found  in  the  use  of 
a  Braun  cathode  ray  tube.^^  This  tube  is  a  form  of  high  vacuum 
tube,  having  at  one  end  a  cathode  from  which  cathode  rays  are  pro- 
jected (see  Fig.  32).     The  tube  has  in  it  two  baffle  screens  A  with 
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Fro.  32. — Method  of  employing  a  Braim  Cathode  Kay  Tube  to 
delineate  Alternating  Current  Curves. 

small  holes  in  them,  and  on  an  enlarged  anticathode  end  a  screen,  B, 
of  phosphorescent  material.  When  the  tube  is  set  in  operation  by  a 
large  electrostatic  electrical  machine,  such  as  a  Voss  or  Wimshurst, 
giving  a  unidirectional  and  continuous  discharge,  so  that  a  continuous 
projection  of  cathode  particles  takes  place  from  the  cathode,  we  see 
on  the  screen  a  brilliant  point  of  light  due  to  the  cathode  ray  phos- 
phorescence. This  ray  is  a  flexible  conductor.  If,  then,  a  pair  of 
coils  traversed  by  an  electric  oscillation  are  placed  on  either  side  of 
the  neck  of  the  tube,  the  cathode  ray  is  deflected  up  and  down  by  the 
alternating  magnetic  field  of  the  coils,  and  the  spot  of  light  on  the 
screen  is  expanded  into  a  line  of  light.  If  this  line  of  light  is 
examined  in  a  rotating  mirror  suitably  placed,  it  can  be  expanded 

**  Some  excellent  photographic  curves  representing  the  damped  oscillations  of 
condeiufir  discharges  have  iJso  oeen  taken  by  Prof.  E.  Taylor  Jones  with  a  short- 
period  electrometer  used  for  determining  the  frequencies  of  slow  electrical 
oaeillationa  (see  Phil,  Mag,,  vol.  14,  6th  series,  August,  1907,  p.  238).  The 
ezperimeoftal  results  obtained  by  Prof.  Taylor  Jones  also  agree  with  the  Kelyin 
fonnola  with  oonsiderable  exactness.    These  are  referred  to  in  §  11.  Chap.  III. 

»•  See  Prof.  P.  Braun,  Wied,  Ann,  der  PhyHk,  1897,  vol.  60,  p.  662. 
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into  a  wavy  decrescent  line  of  the  form  of  the  lines  in  the  photo- 
graphs taken  with  the  oscillograph.  Although  the  plan  succeeds  in 
producing  an  ohjective  representiEition  of  the  discharge  current,  it  is 
more  troublesome  to  operate,  and  npt  so  suitable  for  quantitative 
work  as  the  method  employing  the  oscillograph  above  described. 

Professor  F.  Braun  and  Dr.  J.  Zenneck  have  pointed  out  that  such 
a  tube  may  be  used  to  trace  the  forms  of  alternating  current  curves 
(see  Annalen  der  Physik,  1902,  vol.  9,  p.  497) ;  and  Dr.  W.  Mansergh 
Varley  has  described  the  use  of  it  in  high  frequency  work.  21 

The  arrangement  used  in  connection  with  the  Braun  tube  for 
delineating  alternating  current  curves  is  shown  in  Fig.  32.  For  the 
optical  delineation  of  oscillatory  discharges,  Messrs.  Varley  and 
Murdoch  recommend  an  electrostatic  method  of  deflecting  the  cathode 
ray.  In  Fig.  33  a  diagrammatic  scheme  of  the  apparatus  is  shown. 
The  Braun  tube  T  has  its  cathode  terminal  led  to  the  negative  pole 
of  a  Yoss  machine  driven  by  a  small  electric  motor.  Two  brass 
plates,  P,  P  (see  Fig.  33),  are  placed  on  either  side  of  the  tube  just 


To  Earth 


To  Moeative  Polo 
of  VoM  M  Mhiae. 


Fia.  88.— Method  of  employing  the  Braun  Cathode  Kay  Tube  with  Electrostatio 
Deflection  plates  for  delineating  Condenser  Discharge  Curves. 

beyond  the  diaphragm  in  it,  and  these  are  connected  with  the  spark 
balls  of  the  oscillatory  circuit  containing  a  condenser,  E,  and  an 
inductance,  L.  The  plates  P,  P  were  about  3\  inches  by  2\  inches 
in  size,  and  placed  3  inches  apart.  The  capacity  was  0*003  mfd., 
and  the  inductance  about  1  henry,  being  the  secondary  circuit  of  a 
small  transformer.  On  the  phosphorescent  screen  B  is  seen  a 
brilliant  green  spot  of  light  when  the  cathode  tube  is  in  action,  and 
this  expands  into  a  bright  line  when  the  condenser  discharges  take 
place,  since  the  electrostatic  field  then  produced  between  the  plates 
P,  P  deflects  the  cathode  ray  up  and  down.  If  this  line  of  light  is 
examined  in  a  revolving  mirror,  the  usual  form  of  discharge  curve  of 
a  condenser  is  seen  in  it.  In  carrying  out  this  experiment,  the 
widened  part  of  the  cathode  tube  should  be  covered  with  tinfoil 
and  earthed.  An  interesting  set  of  experiments  was  carried  out  in 
1895  by  Professor  A.  Hay,  in  which  the  discharge  curve  of  a  con- 
denser was  graphically  delineated  by  a  modification  of  the  Joubert 
point-by-point  method  so  much  used  in  connection  with  alternating 
currents.     For  the  details  of  these  experiments,  the  reader  is  referred 

«^  See  Dr.  J.  Mansergh  Varley,  Phil.  Mag.,  1902,  ser.  6,  vol.  8,  p.  600 ;  and  also 
Dr.  Varley  and  Mr.  W.  U.  F.  Murdoch,  The  Electrician,  1906,  vol.  66,  p.  835,  on 
*'  Some  Applications  of  the  Braun  Cathode  Bay  Tuhe." 
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to  the  original  paper  in  The  Electrician,  1895,  vol.  35,  p.  840.  The 
results  confirmed  experimentally  the  predictions  of  the  theoretical 
formula  for  the  frequency  and  strength  of  the  discharge  at  various 
instants. 

A  Very  beautiful  method  of  rendering  the  oscillations  in  an  oscUla- 
tory  spark  visible  has  been  employed  by  Lehmann,  Klingelfuss,^ 
Zehnder,23  and  Hemsalech.^  Hemsalech's  method  has  the  great 
advantage  of  rendering  the  oscillations  visible  to  the  eye,  whilst  at 
the  same  time  they  can  be  photographed  if  necessary.  The  method 
is  as  follows : — 

Two  plates  of  thick  copper,  A  and  B  (see  Fig.  34),  about  8  mm. 
in  thickness,  8  or  10  cms.  in  length,  and  4  or  5  cms.  in  width,  have  one 
pair  of  edges  bevelled  off,  and  these  edges  are  set  at  a  slight  angle 
to  one  another.  On  the  top  of  these  plates  are  fixed  two  screws, 
a  and  b,  by  means  of  which  are  clamped  two  short  thick  platinum 
wires,  the  points  of  which  project  very  slightly  beyond  the  edges 
of  the  copper.  Above  this  is  fixed  a  glass  tube  through  which  a 
powerful  blast  of  air  can  be  forced,  the  diameter  of  the  jet  being 
3  mm.  and  the  interval  between  the  platinum  points  3  or  4  mm. 
The  jet  of  air  should  issue  with  the  velocity  of  about  36  metres  per 
second.  The  two  plates  are  connected  through  an  inductance  coil 
and  a  condenser,  G  (see  Fig.  35),  and  with  an  induction  coil  which 
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Fig.  34.  Fia.  35. 

Figt.  29, 30,31,  and  32,  art,  bjfkind  permitMion  of  Dr.  HemtdUch  and  M.  Ch.  Ddagravtt  taken  from 
^  La  Sdenot  au  XX*  Siide." 

can  make  an  oscillatory  discharge  across  the  platinum  points  con- 
nected with  the  two  copper  plates  A  and  B.  *  If  the  air  blast  is  set 
in  operation,  then  when  the  induction  coil  is  set  working  it  charges 
the  condenser,  which  is  discharged  across  the  spark  gap  intermit- 
tently. This  intermittent  spark  is  an  oscillatory  discharge,  but  the 
oscilktions  are  of  course  superimposed.  When  the  air  blast  is 
started,  the  successive  oscillatory  discharges  are  separated  from  one 
another  and  move  down  between  the  edges  of  the  copper  plates, 
each  successive  discharge  being  represented  by  a  bright  band  in  the 
shape  of  an  arrow-head,  and  the  whole  series  of  oscillations  con- 
stitute one  train,  forming  a  band  traversed  with  y-shaped  bars  of 

«*  KlingelfosB,  Ann,  der  PhyHk,  1901,  vol.  v.  p.  837. 

»  L.  Zehoder,  Ann,  der  Phygik,  1902,  vol.  ix.  p.  899. 

>«  6.  Hemsaleoh,  Comptea  Rendus,  1908,  vol.  140,  p.  1108. 
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light,  one  below  the  other  {see  Figs.  36  and  37).  This  spectrum  can 
be  photographed  and  also  observed  by  the  eye.  The  method  has 
the  great  advantage  that  we  can  observe  the  effect  of  varying  the 
different  factors  in  the  discharge  cirouit.  Thus,  for  ioBtance,  the 
introduction  of  any  source  of  energy  absorption  into  the  circuit,  euch 
as  the  insertion  of  iron  wires  into  the  inductance  coil,  causes  a 
diminution  of  the  number  of  oscillfttiona  in  a  train,  and  therefore 
shortens  the  spectrum ;  and  in  the  same  way  anything  which  causes 
the  absorption  of  energy  in  the  condenser  produces  an  immediate 
effect  upon  the  appearance  of  this  drawn-out  discharge.  The  method 
is  particularly  applicable  for  lecture  illustration. 

Another  useful  method  of  obtaining  an  objective  representa- 
tion of  electric  oecillations  is  by  the  use  of  an  oscillograph  vacuum 
tube  invented  by  Dr.  Gebrcke.  This  consists  of  a  glass  tube 
having  in  it  two  polished  aluminium  strips  or  wires  (see  Fig.  38), 


Pio.  86.  PiQ.  37. 

Fhobognpha  of  OsoiUatory  DiEohargeB  taken  by  Dt.  Hemsalecb. 

the  strips  being  about  10  cms.  long  and  15  mm.  wide,  fixed  to  a 
platinum  wire  sealed  through  the  glass  and  nearly  meeting  in  the 
middle  of  the  tube.  The  tube  is  exhausted  of  its  air  and  then  filled 
vritb  nitrogen  under  a  pressure  of  8  mm.  Under  these  circumstances, 
if  a  sufficiently  large  difference  of  potential  is  made  between  the 
electrodes,  the  glow  light  extends  over  both  electrodes  for  certain 
distances  proportional  to  their  difference  of  potentiaL  When  such 
a  tube  is  connected  to  the  tenninais  of  a  condenser  which  is  creating 
an  oscillatory  discbarge,  the  length  of  the  glow  light  on  the  aluminium 
strips  or  wires  varies  with  every  change  of  potential  of  the  condenser 
terminals.  If,  then,  the  tube  is  examined  in  a  revolving  mirror,  the 
successive  images  are  separated  out  from  one  another  into  a  number 
of  bars  of  light,  decreasing  successively  in  length  if  it  is  a  damped 
oscillation,  or  maintaining  a  uniform  length  if  it  is  an  undamped 
oscillation.  Fig.  39  is  reproduced  from  a  photograph  thus  taken  by 
Herr  Hans  Boas  of  a  damped  electric  oscillation. 

A  modification  of  the  tube,  in  which  there  are  two  anodes  and 
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ODe  cathode,  enables  two  photographs  to  be  taken  BimultaneouBly. 
To  observe  the  oscillations  it  ia,  of  course,  necessary  to  employ  a 
mirrot  driven  at  a  very  high  speed.  A  convenient  arrangement  is 
that  of  Hans  Boas  (see  Fig.  40),  in  which  a  small  continnons  current 
motor  driven  at  a  very  high  speed  has  on  its  shaft  a  poUshed  metal 
mirror,  concave  or  plane,  according  to  whether  it  is  for  eye  obser- 
vation or  for  photographs.    The   mirror  reflects  an  image  of  the 


Fio.  38.— Apparatns 

electrodes  of  the  oscillograph  tube  on  to  the  eye,  or  the  photographic 
plate,  and  then  at  intervals,  when  a  discharge  takes  place  at  the 
moment  when  the  mirror  is  in  the  right  position,  the  eye  vrill  per- 
ceive an  image  as  in  the  photograph  in  Fig.  39,  which  consists  of 
separated-out  images  of  the  discharges  taking  place  with  each 
oecillation.  When  photographed  on  a  plate,  the  frequency  of  these 
oocillations  can  be  determined  if  the  number  of  revolutions  of  the 
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mirror  per  secood  is  known,  and  also  the  distance  of  the  mirror 
from  the  plate. 

Probaoly  the  most  exact  confirmation  of  the  truth  of  the  Kelvin 
formula  (20)  for  the  natural  time  period  of  a  low  reaiatance  oacillatory 
circuit  has  been  furnished  by  the  measurements  made  by  Olaze- 
brook  and  hodge  on  the  oscillatory  discharge  of  an  air  condenser 
employed  as  a  means  of  determining  the  value  of  "  r,"  or  the  ratio  of 
tbe  electromagnetic  and  electrostatic  units. 

Id  the  formula  for  the  time  period  T  =  2ir^f/CL,  let  us  suppose 
that  capacity  C  is  maasured  in  electrostatic  units,  and  L  in  electro- 
magnetic units.     Then,  since  an   electromagnetic  unit  of  capacity 


is  r*.  or  9  X  lO^o  times  larger  than  an  electrostatic  unit,  we  have  to 
introduce  a  factor  and  write  the  formula  in  the  form — 

where  C  is  capacity  measured  in  electrostatic  units,  and  L  is  induc- 
tance measured  in  centimetres  or  electromagnetic  units.  Glazebrook 
and  Lodge  used  this  expression  to  determine  the  value  of  v  from 
measurements  of  T,  C,  and  L  (see  Cambriti//f  PliiltMop/iiail  Trans- 
acliom,  vol.  18,  p.  136, 1900),  and  found  that  ' 
P  =  3009  X  10*" 
From  numerous  determination  a  of  "  v  "  by  other  methods,  its 
Dumerical  value  is  known  to  be  very  near  3  X  10'°.  Hence  the  fact 
that  the  numerical  values  of  T  determined  by  this  last  formula,  when 
we  are  given  the  numerical  values  of  C,  L,  and  r,  agree  with  the 
periodic  time  found  by  the  measurement  of  photographs  taken  of 
the  discharge  apark  of  the  circuit  on  a  revolving  photographic  plate, 
affords  strong  proof  of  the  accuracy  of  the  formula. 
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The  OBcill&tion  frequently  employed  by  Glazebrook  and  Lodge  wns 
cODiparatiTely  low,  viz,  from  880  to  1600. 

The  whole  question  of  the  agreement  between  the  observed  values 
of  the  frequency  in  an  ofieil la tory  electric  circuit  and  that  predicted 


I.     R'.oi'ffin'B  law  aB  in  formula  (20)  has  been  examined  in  a  very 

thnroSrhmanner  by  Professors  A.  Battelli  and  L.  Magri.as     They 

^wi    ■  revolving  mirror  driven  by  a  steam  or  air  turbine  to 

*■  S«e  Phil.  Mag.,  6th  Mr.  vol.  5,  pp.  1, 690,  1903. 
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photograph  the  spark.  The  image  of  a  slit  behiDd  which  an  oscilla- 
tory spark  was  formed  was  reflected  from  the  mirror  and  focussed  on 
a  photographic  plate.  From  the  intervals  between  the  images  as 
determined  by  the  speed  of  the  mirror  the  time  period  of  oscillation 
was  found,  and  this  was  compared  with  the  time  period  calculated 
from  the  capacity  and  inductance  of  the  circuit  by  the  Kelvin  formula, 
viz.  T  =  27r\/CL.  They  found  in  three  sets  of  experiments  a  very 
good  agreement  as  follows  : — 


Time  period  observed  in  mioroseconds  \     m.^tr 

or  millionths  of  a  second     .    .    .    .  / 
Time  period  calculated 58-17 


8*024 
8008 


1-212 
1-201 


The  frequencies  used  varied  therefore  from  about  800,000  to 
20,000. 

The  condenser  employed  was  made  of  glass  plates,  the  capacity 
being  Very  carefully  determined  by  an  absolute  method.  The  induc- 
tances used  consisted  of  copper  wire  spirals  wound  on  marble 
cylinders.  The  inductance  of  these  spirals  was  calculated,  and 
allowance  made  for  the  variation  of  inductance  with  frequency  (see 


Fig.  41. — Diagrammatic  Bepresentation  of  the  Arrangement  of  Apparatus  for  the 
Production  of  damped  Electric  Oscillations.  B,  battery ;  I,  induction  coil ; 
S,  spark  balls ;  G,  0,  condensers ;  L,  inductance  coil ;  H,  hammer  break ; 
D,  coil  condenser. 

Chap.  II.)  and  for  the  fact  that  the  inductance  of  a  spiral  is 
greater  for  high  frequency  currents  than  for  steady  or  low  frequency 
currents. 

The  numerous  measurements  made  by  Battelli  and  Magri  may  be 
said  to  have  established  the  agreement  between  theory  and  experiment 
within  1  or  2  per  cent. 

7.  Apparatus  for  the  Production  of  Damped  Trains  of 
Intermittent  Electric  Oscillations. — The  usual  method  employed 
for  the  production  of  damped  electric  oscillations  is  the  intermittent 
discharge  of  a  condenser  of  some  kind,  the  charge  and  discharge 
being  repeated  at  regular  and  frequent  intervals. 

The  arrangement  consists  of  a  condenser  suitable  for  being 
charged  to  a  high  potential,  which  is  then  discharged  through  an 
inductance  of  low  resistance,  thus  creating  a  train  of  oscillations,  and 
this  process  is  repeated  several  times  in  a  second. 
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One  of  the  simpleet  and  most:  convenient  an-angemenie  consists 
in  coDQOotiQg  to  the  secondary  terminalB  of  an  induclioQ  coil  a  high 
tensioQ  condeiiBer,  such  &b  a  Leyden  jar  or  jars,  joined  in  series 
with  an  inductive  resistance.  The  secondary  terminals  of  the  in- 
duction coil  are  provided  with  spark  balls,  or  else  connected  to  a 
separate  ball-diBchaJrger,  and  the  airangement  is  as  shown  diagram- 
matically  in  Pig,  41  and  in  perspective  in  Fig.  42.  When  the 
induction  coil  is  set  in  action,  at  each  interruption  of  the  primary 
current  an  electromotive  force  is  created  in  the  secondary  circuit. 
This  charges  the  condenser,  and  if  the  spark  balls  are  placed  at  a 
suitable  distance  apart,  easily  found  by  trial,  the  electromotive  force 
breaks  dovrn  the  insulation  of  the  air  betvreen  the  spark  balls  when 
it  reaches. a  certain  value,  and  the  charged  condenser  then  discharges 
across  the  spark  gap  and  creates  electric  oscillations  in  the  inductance 


Pia.  43.— pBrapectiva  View  of  the  Amngement  of  Apparstos  foi  the  pTodnotiou 
of  damped  Electric  Oscill&tioiiB,  consiBting  of  an  Indnction  Coil,  GondeiuerB 
(Leyden  Jan),  Spark  Qap,  and  Inductanoe  Spiral. 

coil.  This  process  is  repeated  at  every  interruption  of  the  primary 
circuit  of  the  coil,  and  if  the  adjustments  are  properly  made,  it  results 
in  the  production  of  a  continuous  noisy  spark  between  the  spark  balls, 
which  is  in  fact  a  continuous  series  of  oscillatory  discharges  with 
short  intervals  of  time  between  them,  corresponding  to  the  groups  of 
electric  oscillations  produced  in  the  inductive  circuit. 

In  place  of  an  induction  coil,  any  other  type  of  generator  of  high 
electromotive  force  might  be  employed;  such,  for  instance,  as  an 
electroatatic  machine,  a  voltaic  battery  of  a  large  number  of  cells,  a 
coutiDUons  or  alternating  current  dynamo,  or  an  alternating  current 
transfomier.  If,  however,  a  voltaic  battery,  continucus  current  high 
tension  dynamo,  or  alternating  current  transformer,  is  employed,  the 
orTKngement  will  not  operate  well  unless  some  means  are  used  to 
oontiDuallT  destroy  or  prevent  the  electric  arc  discharge  which  tends 
to  be  produced  and  maintained  across  the  spark  gap.  The  spark 
which  occurs  at  this  gap  must  consist  wholly,  or  nearly  entirely,  of 
the  discharge  coming  from  the  condenser,  and  not  have  superimpc^ed 
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on  it  any  trae  electric  arc  discharge,  either  continuous  or  alternating, 
proceeding  directly  from  the  source  of  the  electromotive  force.  We 
shall  discuss  in  a  later  section  the  various  devices  for  controlling  the 
operation  of  the  electric  generator  in  this  respect.  In  the  majority 
of  cases,  the  most  convenient  source  of  electromotive  force  is  found 
to  be  either  a  large  induction  coil,  the  primary  circuit  of  which  is 
traversed  by  an  interrupted  continuous  current  or  alternating  cur- 
rent, or  else  the  employment  of  some  form  of  alternating  current 
transformer. 

We  proceed  to  consider  in  further  detail  the  practical  arrange- 
ments which  have  to  be  employed.  It  is  essential  that  the  source  of 
electromotive  force,  whatever  its  nature,  shall  not  only  be  able  to 
create  a  large  difference  of  potential  between  the  surfaces  of  some 
form  of  condenser,  but  shall  also  be  able  to  supply  a  certain  minimum 
electric  current.  Hence,  for  many  purposes,  an  electrostatic  electrical 
machine  would  be  unsuitable,  because  although  capable  of  producing 
a  large  difference  of  potential,  it  acts  like  an  electric  generator  of  very 
high  internal  resistance,  and  therefore  the  current  which  can  be 
obtained  from  it,  that  is,  the  rate  of  supply  electricity,  is  very  small. 
The  employment  of  voltaic  cells,  or  secondary  batteries,  as  a  source 
of  electromotive  force,  presents  many  advantages,  but  the  very  large 
number  of  cells  required  and  the  expense  of  maintaining  them  in 
order  renders  this  form  of  electromotor  more  suitable  for  special 
research  purposes  than  for  general  use. 

Professor  Trowbridge  has  employed  a  battery  of  20,000  small 
secondary  cells,  giving  an  electromotive  force  of  42,000  volts,  in 
special  researches  on  electric  oscillations.  For  this  purpose  high 
potential  continuous  current  dynamos  have  also  been  used,  but 
although  the  difficulties  involved  in  the  commutation  of  these  high 
potential  continuous  currents  have  been  overcome,  at  least,  as  far  as 
the  construction  of  continuous  current  dynamos  up  to  10,000  volts  is 
concerned,  yet  the  compUcations  which  are  involved  in  the  use  of  the 
continuous  current  do  not  compensate  for  the  other  advantages. 

Hence  practically  we  are  limited  at  the  present  moment  to  one  of 
two  appliances  as  a  source  of  high  electromotive  force  for  charging 
the  necessai-y  capacity,  viz.  either  an  induction  coil  or  an  alternating 
current  transformer. 

In  the  next  place,  we  have  to  provide  some  form  of  condenser  to 
receive  and  store  the  energy.  This  must  be  one  capable  of  being 
charged  to  a  potential  of  20,000  volts,  or  more,  as  otherwise  the 
oscillations  produced  are  very  feeble.  The  condenser  has  to  be  placed 
in  series  witn  an  adjustable  spark  gap  and  with  an  inductance  which 
generally  consists  of  the  primary  circuit  of  an  air  core  transformer, 
called  an  oscillation  transformer. 

In  the  next  place,  there  must  be  means,  such  as  certain  choking 
coils  or  inductances,  for  preventing  the  formation  of  an  electric  arc 
between  the  spark  balls,  and,  lastly,  a  key  for  controlling  the  opera- 
tion of  the  arrangement  at  pleasure.  Accordingly,  there  are  seven 
elements  in  the  complete  oscillation -producing  appliance,  which  are 
as  follows : — 

1.  The  induction  coil  transformer  or  source  of  electromotive 
force  (T). 
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2.  The  condenser  (C). 

3.  The  discharger  of  spark  balls  (D). 

4.  The  arc  quenching  inductances  (Q). 

5.  The  oscillation  transformer  (PS). 

6.  The  adjustable  inductance  for  varying  the  period  (L). 

7.  The  controller  or  key  in  the  primary  circuit  of  the  coil  or 
transformer  (E). 

These  several  elements  have  each  to  be  considered  separately 
with  reference  to  their  best  practical  forms  for  various  purposes. 

Diagrammatically,  the  complete  appliance  for  producing  trains  of 
damped  electric  oscillations  is  as  shown  in  Fig.  43,  where  the  letters 
have  reference  to  the  parts  or  elements  1  to  7  as  enumerated 
above. 

When  the  key  E  is  closed,  and  the  apparatus  in  operation,  we 
have  trains  of  intermittent  decadent  electrical  oscUlations  set  up  in 
the  circuit  CPL,  and  if  the  terminals  of  the  secondary  circuit 


'j  up  in 
it  S  of 


Fig.  4S. — Amngement  of  Apparatos  for  producing  damped  High  Frequenoy 
Bleotrio  Oscillations  by  means  of  an  Aiternating-Gurrent  Transformer. 

the  oscillation  transformer  are  near  together,  we  have  high  potential 
high  frequency  oscillatory  sparks  passing  between  them. 

There  are  certain  modifications  of  the  above  arrangement  which 
will  be  considered  later,  but  the  above  described  apparatus  in  a 
typical  form  is  generally  called  a  Tesla  apparatus  for  the  production 
of  high  frequency  electric  currents. 

8.  Indootion  Coils  for  creating  Electric  Oscillations.— It  is 
not  necessary  to  occupy  space  with  any  elementary  explanation  of  the 
construction  of  the  induction  coil.  A  coil  very  generally  employed 
for  the  production  of  electric  oscillations  is  that  known  as  a  10-inch 
coil,  that  m,  one  which  is  capable  of  giving  a  10-inch  spark  between 
pointed  conductors  in  air  at  the  ordinary  pressure  (see  Mg.  44).  The 
construction  of  a  large  induction  coil  is  a  matter  requiring  very  great 
technical  skill,  and  should  not  be  attempted  without  considerable 
previous  experience  in  the  manufacture  of  smaller  coils.^^^  A  coil  of 
the  above  size  usually  has  a  primary  circuit  consisting  of  a  length  of 
300  or  400  feet  of  insulated  copper  wire,  No.  12  or  No.  14  S.W.G. 
The  secondary  circuit  would  consist  of  a  double  silk-covered  copper 

**  Detailed  instructions  for  the  numofaoture  of  large  induction  coils  are  given 
IB  a  **  TreAtiae  on  the  Construction  of  Large  Induction  Coils,"  by  A.  T.  Hare 
iUethuen  A  Co.).  Particulars  of  many  large  coils  are  given  in  a  treatise  on  *'  The 
Alternate  Carrent  Transformer/'  by  J.  A.  Fleming,  vol.  ii.  chap.  1  {The  Electrician 
Printing  and  Publishing  Co.,  Ltd.,  1,  Salisbury  Court,  Fleet  Street,  E.C.). 
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wire,  No.  34  or  No.  36  S.W.G.,  a.  length  of  10  to  17  miles  of  wire 
being  employed,  according  to  the  diameter  of  the  wire  selected.  It 
is  necessary  to  wind  the  secondary  circuit  of  such  a  coil  in  a  large 
number  of  flat  sections,  the  sections  being  prepared  separately,  and 
each  carefully  insulated  with  paraffin  wax  and  discs  of  shellaced 
paper,  the  coils  being  so  wound  in  two  layers  that  there  are  no  joints 
between  sections  at  the  inside,  hut  all  soldered  junctions  are  at  the 
outside'  ends.  A  number  of  such  sections,  varying  from  100  to  500, 
are  employed  in  building  up  the  secondary  coil,  and  these  are  slipped 
on  to  a  thick  ebonite  tube,  in  the  interior  of  which  is  placed  a  primary 
circuit  and  the  iron  core. 

A  special  form  of  winding  machine  has  been  invented  by  Leslie 
Miller  (British  Fat.  Spec.,  No.  5811  of  1903)  for  winding  the  Sat 


Fio.  44.— 10-iQch  Spark  ladnction  Coil. 

sections  of  the  secondary  bobbin,  so  that  no  joints  at  all  between 
sections  are  necessary,  the  secondary  vrire  being  continuous  from  end 
to  end.     (See  Pig.  45.) 

By  this  invention  the  secondaries  of  induction  coils  and  trans- 
formers can  be  wound  in  a  manner  not  hitherto  accomplished.  The 
secondary  bobbins  in  induction  coils,  made  to  give  from  10-  to  16-incb 
Bparks,  are  built  up  in  the  Miller  process  of  700  to  1200  separate  single 
wire  sections,  with  a  disc  of  paper  between  each  section,  the  wire 
being  continued  from  one  section  to  the  othi^r  witliout  any  joint. 
The  method  of  winding  will  be  readily  understood  from  the  diagram 
in  Fig.  45.  For  the  sake  of  clearness,  this  diagram  shows  the  sections 
widely  separated  from  one  another,  whereas  in  reality  they  are  closely 
compacted  together. 
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Tbe  constnictioQ  of  tbe  secondary  circuit  must  be  such  Ibat  no 
parts  of  the  secoDdary  wire,  whicb  are  at  great  differences  of  potential 
when  the  coil  is  in  action,  ore  near  togetber,  and  one  very  important 
point  is  the  oonstruction  of  the  secondary  in  a  sufficient  number  of 
flat  sections.  Another  essential  detail  is  the  Buffloient  insulation 
of  the  secondary  bobbin  from  tbe  primary  coil.  With  this  object, 
in  all  large  induction  coils  the  primary  circuit  and  its  iron  core  are 
entirely  enclosed  in  a  stout  ebonite  tube,  the  walls  of  which  must  be 
■t  least  half  an  inch  in  thickness,  and  it  should  preferably  he  over- 
laid witb  a  layer  of  paraffin  wax  an  inch  in  thickness.  On  the  com- 
poond  tube  so  formed  tbe  sections  forming  the  secondary  circuit  of 
the  coil  are  slipped.  When  the  sections  in  the  secondary  circuit  have 
aU  been  joined  np  and  tbe  connections  well  insulated,  the  whole  of 
the  secondary  circuit  should  be  compressed  and  immersed  in  molten 
paraffin  wax.  This  is  best  done  by  enclosing  the  secondary  circuit 
in  an  iron  box  of  tbe  required  size,  which,  after  being  closed,  is  heated 


and  the  air  exhausted  from  it.  Molten  paraffin  wax  is  then  allowed 
to  flow  in  Odder  pressure  and  set  solid.  In  this  manner  the  entire 
secondary  circuit  is  penetrated  with  paraffin  wax,  and  the  production 
of  vacaoas  spaces  as  the  wax  cools  is  prevented.  The  silk-covered 
co{q>er  wire  employed  in  winding  the  secondary  should  also  be  heated 
to  a  temperature  above  that  of  boiling  water,  previous  to  being 
immersed  in  parafBn  wax,  during  tbe  winding  of  tbe  secondary 
sections.  When  completed,  the  secondary  winding  is  enclosed  in  a 
cylinder  of  ebonite,  and  thick  ebonite  cheeks  are  fitted  to  tbe  ebonite 
Hibe  aa  which  the  secondary  is  wound.  As  tbe  surface  of  ebonite 
deterioistes  in  insulating  quality  by  exposure  to  light,  it  is  better  to 
enclose  tbe  completed  induction  coil  in  a  wooden  box,  which  is  filled 
in  solid  witb  paraffin  wax,  the  ends  of  the  secondary  circuit  being 
hroogbt  out  through  thick  ebonite  tubes,  which  pass  right  down  into 
the  wax.  iDstnunent  makers  are  too  prone  to  study  external  appear- 
ance in  inBtrament  making,  and  the  ot^inary  type  of  induction  coil. 
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though  very  suitable  for  the  lecture  table,  is  not  at  all  well  adapted 
for  practical  use  in  connection  with  wireless  telegraphy,  when  the 
coil  has  to  be  used  in  damp  exposed  places,  such  as  in  a  lighthouse 
or  on  board  ship. 

The  primary  circuit  of  a  10-inch  spark  coil  generally  consists 
of  360  turns  of  No.  12  S.W.G.  copper  wire  wound  round  an  iron 
core  consisting  of  a  bundle  of  soft  iron  wires,  2  inches  in  diameter. 
It  has  resistance  of  about  0*46  ohm  and  an  inductance  of  0*02 
henry.  The  secondary  circuit  of  such  a  coil  may  consist  of  17 
miles  of  No.  34  S.W.G.  copper  wire,  making  about  50,000  turns. 
This  coil  would  have  a  resistance  at  ordinary  temperatures  of  about 
6600  ohms,  and  when  the  iron  core  is  in  it  an  inductance  of  460 
henrys.  The  mutual  induction  between  the  primary  and  secondary 
circuits  would  be  about  2*75  henrys,  and  with  a  primary  current  of 
10  amperes  the  coil  should  give  a  10-inch  spark.  A  smaller  coil 
giving  a  6-inch  spark  would  usually  have  a  primary  circuit  with  a 
resistance  of  0*426  ohm  and  an  inductance  of  0013  henry.  The 
secondary  circuit  would  be  wound  with  No.  36  S.W.G.  wire,  which 
would  have  a  resistance  of  9750  ohms  and  an  inductance  of  234 
henrys,  the  mutual  inductance  between  the  primary  and  secondary 
circuit  being  1'5  ^lenrys. 

An  important  matter  in  connection  with  ati  induction  coil  to  be 
used  for  creating  electrical  oscillations  is  to  secure  a  sufficiently  small 
resistance  in  the  secondary  circuit.  The  purpose  for  which  the  coil 
is  employed  is  to  charge  a  condenser  of  some  kind. 

If  a  constant  electromotive  force  Y  is  applied  to  the  terminals 
of  a  condenser  having  a  capacity  G,  the  condenser  being  placed  in 
series  with  a  wire  of  resistance  B,  then  the  full  difference  of  potential 
Y  is  not  created  between  the  terminals  of  the  condenser  instantly, 
but  the  terminal  potential  difference  rises  up  gradually  and  any  time 
t  seconds  after  the  contact  is  made,  an  expression  for  its  value,  r,  at 
that  instant  may  be  obtained,  as  follows : — 

Let  i  be  current  at  the  time  t  in  the  inductionless  resistance  B  in 

series  with  the  condenser,  then  Bt  is  the  fall  of  potential  down  this 

dv 
resistance.      Also  G—  is  the  current  through   the   condenser  and 

resistance.     Hence  we  must  have — 

CB^J  +  t;  =  Y (22) 

The  solution  of  this  equation  is — 

«.  =V(1  — c"'CRJ (23) 

In  the  above  equation  the  letter  e  stands  for  the  number  2-71828, 
the  base  of  the  Napierian  logarithms,  and  B  for  the  resistance  in 
megohms  of  the  wire  in  series  with  the  condenser,  of  which  the 
capacity  is  G  microfarads.  This  equation  shows  that  the  potential 
difference  v  of  the  terminals  of  the  condenser  does  not  instantly  attain 
a  value  equal  to  that  of  the  steady  impressed  electromotive  force  Y, 
but  that  it  rises  up  gradually.     Thus,  for  instance,  suppose  that  a 
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oondenser  of  1  microfarad  is  being  charged  through  a  resistance 
of  1  megohm,  by  an  impressed  constant. voltage  of  100  volts,  the 
equation  shows  that  at  the  end  of  the  first  second  after  contact  the 
terminal  potential  difference  of  the  condenser  will  be  only  63  volts, 
at  the  end  of  the  second  second  86  volts,  and  so  on.  The  gradual 
increase  in  v  with  time  is  shown  by  the  curve  in  Fig.  46.  The 
equation  indicates  that  only  after  an  infinite  time  is  the  terminal 
potential  difference  v  of  the  condenser  plates  equal  to  the  impressed 
electromotive  force  V,  viz.  to  100  volts  in  this  instance.  Since, 
however,  €~^^  is  an  exceedingly  small  nimiber,  in  ten  seconds  the 
condenser  would  be  practically  charged  with  a  voltage  equal  to  100 
volts.  The  product  GR  in  the  above  equation  is  called  the  time-constant 
of  the  condenser,  and  we  may  say  that  the  condenser  is  practically 
charged  after  an  interval  of  time  equal  to  ten  times  the  time-constant. 
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Fxo.  46. — Onzve  showing  the  Gradual  Rise  in  the  Terminal  Potential  Differenoe 
of  a  Condenser  with  Time,  under  a  Constant  Impressed  Eleotromotive  Force 
of  100  Tolts,  when  a  Condenser  of  1  microfarad  capacity  is  charged  through  a 
resiatanoe  of  1  megohm. 


ooonting  from  the  moment  of  first  contact  between  the  condenser 
and  the  source  of  constant  voltage.  The  time-constant  is  to  be 
rBckoned  as  the  product  of  the  capacity  G  in  microfarads  and  the 
resistance  of  the  charging  circuit  K  in  megohms.  To  take  another 
iUustnition.  Supposing  we  are  charging  a  condenser  having  a 
capacity  of  A  of  a  microfarad  through  a  resistance  of  10,000  ohms. 
Since  10,000  ohms  is  equal  to  j^  of  a  megohm,  the  time-constant 
wooid  be  equal  to  y^  second.  Hence,  in  order  fully  to  charge  the 
above  capacity  through  the  above  resistance,  it  is  necessary  that  the 
ooolact  between  the  source  of  .voltage  and  the  condenser  should  be 
nuuntained  for  at  least  ^  part  of  a  second. 

We  may  put  the  equation  (23)  in  a  form  more  convenient  for 

cticolatiOD> 
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We  have     V-v==Vc.  ^^ (24) 

Hence     /  =  KC{log^  V  —  log^  (V  — «;)}  .     .     .    .     (25) 

or    t  =  2-3026  RC|logio  V  -  logio  (V  -  v))  .     (26) 

This  last  expression  can  be  employed  to  calculate  the  value  of  either 
of  the  four  quantities  v,  R,  C,  or  t,  when  three  of  them  are  given. 

When  an  induction  coil  has  its  secondary  terminals  connected  to 
a  condenser,  we  may  regard  the  electromotive  force  created  in  the 
secondary  circuit  as  acting  through  the  resistance  of  the  secondary 
circuit  to  charge  the  condenser. 

Hence,  in  order  that  the  charging  of  the  condenser  may  be 
achieved  in  the  shortest  possible  time,  it  is  desirable  that  the 
secondary  circuit  of  the  coil  should  have  as  low  a  resistance  as 
possible,  consistent  with  permissible  cost  of  construction.  This  in- 
volves winding  the  secondary  circuit  with  a  rather  thick  wire.  If, 
however,  we  employ  a  wire  much  larger  in  size  than  No.  34,  or, 
at  the  most,  No.  32,  the  bulk  and  the  cost  of  the  induction  coil 
begin  to  rise  very  rapidly.  Hence,  as  in  all  other  departments 
of  electrical  construction,  the  details  of  the  design  are  more  or 
less  a  matter  of  compromise.  Generally  speaking,  however,  it 
may  be  said  that  the  larger  the  capacity  which  is  to  be  charged, 
the  lower  should  be  the  resistance  of  the  secondary  circuit  of  the 
induction  coil. 

It  is  this  fact  which  gives  the  alternating  current  transformer,  as 
usually  made,  an  advantage  over  the  induction  coil  for  the  purposes 
considered,  because  a  transformer  is  merely  an  induction  coil  specially 
constructed  for  a  large  power  output,  and  having  therefore  a  secondary 
circuit  of  relatively  low  resistance. 

In  coils  intended  for  the  production  of  electrical  oscillations,  and 
for  wireless  telegraphy,  the  preservation  of  high  insulation  in  the 
secondary  circuit  is  of  great  importance.  The  insulation  is  then 
subjected  to  strains  far  greater  than  when  the  coil  is  employed  for 
Eontgen  ray  work  or  other  similar  purposes. 

A  large  induction  coil  is  an  expensive  instrument,  but  it  hardly 
ever  retains  for  long  its  pristine  powers  of  spark  production.  This  is 
due  to  some  degree  of  failure  of  internal  insulation,  or  to  surface 
leakage  over  ebonite  surfaces  outside,  which  have  deteriorated  in 
insulation  power  by  exposure  to  light  and  air. 

In  those  cases  where  portability  is  not  a  principal  necessity,  an 
induction  coil  made  with  oil  insulation  may  be  used  and  preserves  its 
insulation  better  than  one  made  in  the  usual  way.  If  the  coil  is 
intended  to  be  used  with  interrupted  continuous  primary  currents,  the 
iron  core  must  be  in  the  form  of  a  straight  bundle  of  iron,  and  not  in 
the  form  of  a  closed  circuit.  Hence  a  so  called  open  magnetic  circuit 
transformer  or  induction  coil  cannot  be  enclosed  in  an  iron  case.  It 
can,  however,  be  placed  in  a  stoneware  jar  or  vessel,  and  the  whole 
coil  can  be  immersed  in  insulating  oil.  For  this  purpose  vaseline  oil 
or  heavy  resin  oil  may  be  employed,  provided  it  has  been  perfectly 
freed  from  water  by  heat.     It  is  desirable  to  employ  an  oil  with 


AND  ELEOTRIO   OSCILLATIONS  53 

density  greater  than  that  of  water,  and  to  seal  the  jar  as  perfectly  as 
possible.  The  secondary  winding  must  be  in  sections  as  usual,  but 
need  not  be  impregnated  with  paraffin  wax. 

Induction  coils  intended  for  use  on  board  ship  for  wireless  telegraph 
purposes  require  especially  good  insulation,  and  should  be  so  peidPectly 
water-tight  that  the  coil  is  not  injured  by  even  being  put  under  water. 
If  ebonite  covering  is  used  to  enclose  the  coil,  it  should  then  be  well 
varnished  over  with  several  coats  of  good  waterproof  varnish. 

Otherwise  the  coil  may  be  contained  in  a  teak  box  filled  in  solid 
with  paraffin  wax  and  resin,  in  which  case  it  can  be  screwed  up  against 
a  bulkhead. 

In  the  case  of  coils  worked  with  an  interrupted  continuous  primary 
current,  it  is  necessary  to  place  a  condenser  (called  the  primary  con- 
denser) across  the  point  of  rupture  of  the  primary  circuit,  where  the 
break  spark  occurs  to  reduce  the  spark  and  annul  the  magnetism  of 
the  core  more  suddenly.27 

Instrument  makers  generally  determine  by  trial  for  each  particular 
coil  the  proper  size  of  condenser,  and  fix  it  in  a  box  which  supports 
the  coil. 

A  better  plan  is  to  provide  in  a  separate  box  a  condenser  divided 
into  sections,  the  capacity  of  each  section  being  marked  on  it,  so  that 
the  capacity  used  may  be  varied.  The  condenser  generally  consists 
of  sheets  of  well-baked  and  paraffined  bank  post  paper,  alternated  with 
tinfoil  sheets  an  inch  narrower  than  the  paper  but  of  the  same  length. 

In  the  usual  construction  sheets  of  tinfoil  are  placed  alternately 
with  double  or  treble  sheets  of  paraffined  paper  between  them,  and 
the  sheete  of  tinfoil  arranged  to  project  out  alternately  on  one  side 
and  the  other.  The  odd  and  even  sheets  are  then  respectively 
clamped  together. 

The  capacity  of  a  condenser  of  this  kind  may  be  very  roughly 
reckoned  as  equal  to  0*01  mfd.  per  square  foot  of  effective  tinfoil 
surface. 

Considerable  difference  of  opinion  exists  between  coil  builders  as 
to  the  capacity  of  the  condenser  suitable  for  use  with  a  10-inch  coil. 
Some  makers  would  use  a  primary  condenser  of  1*25  mfd.  capacity ; 
others  one  as  small  0-5  or  even  0-32  mfd.  for  the  above  size  of 
ooO.  Provided  the  capacity  of  the  condenser  is  not  too  small,  it  may 
be  varied  within  somewhat  wide  limits  without  objection,  but  if  a 
platinum  hammer  break  is  employed,  it  is  better  to  err  in  the  direction 
of  using  too  much  rather  than  too  little  capacity.  Even  with  a  6-inch 
coil  having  a  hammer  break,  some  makers  provide  a  primary  condenser 
oi  8  mfd.  capacity. 

'^  For  a  theory  of  the  action  of  the  oondenser,  the  reader  may  be  referred  to 
the  aathor*s  "  Treatise  on  the  Alternate  Oorrent  Transformer,"  vol  ii.  p.  61, 
where  it  is  suggested  that  the  efficacy  of  the  condenser  may  depend  upon  the 
danagneiisiog  action  on  the  core  of  the  electric  oscillations  set  up  in  the  circuit 
of  the  primary  coil  and  condenser  at  the  moment  when  the  condenser  Is  thrown 
into  Uia  cirenit. 

For  another  view  of  the  action  of  the  oondenser,  the  reader  is  referred  to  a 
very  iniereeiing  paper  by  Lord  Bayleigh,  in  the  Philosophical  Magasine  for 
Deoember,  1901,  ser.  vi.  vol  2,  p.  581,  **  On  the  Induction  Ooil,"  in  which  the  prin- 
dpal,  if  not  the  only,  fonotion  of  the  condenser  is  shown  to  be  that  of  quenching 
the  spark  or  arc  at  the  contact  points  when  the  primary  circuit  is  opened. 
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The  question  of  the  right  primary  capacity  to  employ  with  any 
given  coU  and  break  has  been  investigated  by  Dr.  J.  £.  Ives ;  he 
observes  that — 

"  The  optimum  capacity  of  an  indaotion  ooii  is  defined  to  be  that  capacity  which 
if  placed  across  the  break  will  give  the  longest  spark  in  the  secondary  circuit.  It 
has  also  been  found  by  experiment  to  be  the  least  capacity  that  causes  the  spark- 
ing at  the  break  to  disappear — if  not  entirely  ito  disappear,  to  become  very 
small."  »« 

Ives  carried  out  experiments  with  a  hand- worked  mercury  break 
in  which  the  primary  current  was  interrupted  by  raising  an  amal- 
gamated copper  wire  out  of  mercury  covered  with  water.  He  calls 
the  copper  wire  the  breaking  pole,  and  found  that  the  optimum 
capacity  was  much  greater  when  the  breaking  pole  is  negative  than 
when  it  is  positive  for  the  same  current  broken. 

His  conclusions  are  that  in  general  the  optimum  capacity  is 
proportional  to  a  power  of  the  primary  current  greater  than  the 
square  but  less  than  the  cube.  It  depends  very  much  upon  the 
resistance  of  the  connections  leading  to  the  break  and  condenser, 
increasing  with  these  connection  resistances.  It  is  also  to  some 
extent  affected  by  the  inductance  of  the  primary  circuit. 

The  capacity  required  is,  however,  in  a  considerable  degree  deter- 
mined by  the  nature  of  the  break  employed.  It  has  been  shown  that 
the  more  sudden  the  rupture  of  the  primary  circuit,  the  less  the 
capacity  necessary,  and  if  that  break  is  very  sudden,  then  the  addition 
of  a  condenser  across  the  rupture  point  is  not  necessary. 

Professor  J.  Trowbridge  has  described  an  effective  form  of  quick 
motor  break  for  large  coils,  in  which  the  interruption  is  caused  by 
withdrawing  a  stout  platinum  wire  from  a  dilute  solution  of  sulphuric 
acid,  and  by  this  means  he  increased  the  length  of  spark  given  by  a 
coil  originally  provided  with  a  hammer  break  and  condenser  from 
15  to  30  inches  oy  using  the  liquid  break  and  no  condenser. ^o 

Lord  Bayleigh  has  also  shown  that  if  the  interruption  of  the 
primary  circuit  is  extremely  sudden,  as  when  it  is  severed  by  a  bullet 
from  a  gun,  the  primary  condenser  can  be  removed,  and  yet  the 
sparks  obtained  from  the  secondary  circuit  are  actually  longer  than 
those  obtained  with  a  condenser  and  the  ordinary  hammer  break.so 

In  the  use  of  the  coil  with  any  ordinary  break,  except  the  Wehnelt 
(see  next  section),  a  condenser  of  suitable  capacity,  joined  across  the 
break  points,  increases  the  secondary  spark  length.  For  additional 
information  on  this  subject  the  reader  is  referred  to  the  following 
papers : — 

T.  Mizuno,  "  On  the  Function  of  the  Condenser  in  an  Induction  Coil,**  Phil, 
Mag.,  1898,  vol.  46,  p.  447. 

K.  B.  Johnson,  **  On  the  Theory  of  the  Condenser  in  an  Induction  Coil,'*  Phil, 
Mag,,  1900,  vol  49,  p.  216. 

S8  See  '*  Contributions  to  the  Study  of  the  Induction  Coil,"  by  J.  E.  Ives, 
Physical  Beview,  vol.  xiv.  Ko.  5,  May- June,  1902 ;  also  vol.  xv.  Ko.  1,  July,  1902. 
Also  J.  E.  Ives,  ^*  On  the  Law  of  the  Condenser  in  the  Induction  Coil,*'  Phil, 
Mag,,  October,  1908,  ser.  vi.  vol.  6,  p.  411. 

"  See  Prof.  J.  Trowbridge,  «  On  the  Induction  Coil,"  Phil,  Mag,,  April,  1902, 
ser.  vi.  vol.  8,  p.  898. 

'«  See  Lord  Bayleigh,  '<0n  the  Induction  Coil,"  Phil,  Mag,,  December,  1901, 
ser.  vi.  vol.  2,  p.  581. 


AND   BLEOTRIO  OSCILLATIONS 


On  the  whole  it  cannot  be  said  that  the  information  ia  yet  very 

frecise  on  the  aubjeot  of  the  size  of  a  oondenser  or  capacity  to  be  used, 
t  varies  with  many  factors,  and  henoe  the  necessity  for  providing  the 
coil  with  a  primary  condenaer  of  variable  capacity  for  use  in  different 
experiments. 

In  induction  ooils  by  some  makers,  the  primary  circuit  is  wound 
in  sections  and  the  ends  of  each  brought  out  in  such  a  manner  that 
the  various  sections  can  be  joined  in  series  or  parallel,  so  as  to  vary 
the  resistance  and  inductance  of  the  coil,  as  well  as  the  effective 
number  of  turns. 

An  ingenious  arrangement  of  this  kind  is  placed  on  ooils  by 
K.  Schall,  in  which  the  various  primary  circuits  have  their  ends  con- 
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Pio.  47.— End  of  Primary  Coil  Tube  of  m  Indnction  Coil  by  K.  Scball. 

nected  to  brass  plates,  and  by  sliding  into  a  groove  an  ebonite  piece 
with  brass  plates  upon  it  these  serve  to  effect  the  required  arrange- 
ments and  connection.  The  diagram  in  Fig.  47  shows  the  end  of  the 
ebonite  tube  containing  the  primary  coils,  and  also  the  connecting 
plates  which  are  slipped  in  to  effect  various  combinations  of  the 
different  primary  circuits,  so  as  to  put  them  (1)  all  in  series,  (2)  all  in 
parallel,  or  (3)  in  series- parallel  in  various  ways. 

In  making  an  estimate  of  the  value  of  a  coil  for  wireless  telegraph 
purposes,  or  for  the  production  of  electric  oscillations,  the  experi- 
mentalist should  not  be  guided  merely  by  external  appearance  or  even 
by  the  length  of  spark  given  between  pointed  terminals  in  air. 

The  resistance  of  the  secondary  circuit  should  be  ascertained,  and 
inquiry  made  into  the  power  of  the  coil  to  give  a  good  oscillatory 
spark  of  at  least  1  cm.  in  length  when  the  secondary  terminals  are 
eoonected  to  a  condenser  bavins  a  capacity,  say,  of  j^  mfd. 

A  very  fair  way  to  judge  Uie  value  of  a  coil  for  this  particular 
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.purpose  is  to  ascertain  what  length  of  secondary  spark  it  will  give 
between  brass  balls  1  cm.  in  diameter  when  these  balls  are  connected 
to  the  two  poles  of  a  glass  plate  condenser  having  a  capacity  of  -^  mfd. 
The  spark  should  be  at  least  5  mm.  in  length. 

A  coil  of  the  ordinary  type,  giving  a  10-inch  spark  in  air  between 
pointed  conductors,  will  not  give  much  more  than  a  6-  or  7-mm. 
spark,  even  if  as  much,  when  the  secondary  terminals  are  joined  to 
the  plates  of  glass  condensers  having  a  capacity  of  ^  mfd. 

When  it  is  desired  to  obtain  the  advantages  of  a  very  low  secondary 
resistance  to  charge  large  condensers,  and  thus  obtain  a  longer  oscil- 
latory spark  than  can  be  obtained  with  one  coil,  two  induction  coils 
may  be  used  with  their  secondary  circuits  joined  in  parallel  and  their 
primary  coils  joined  in  series.  In  this  case  only  one  hammer  break 
is  employed,  and  the  condensers  of  both  coils  are  joined  in  parallel 
across  the  break.  This  can  always  be  done  when  the  ends  of  the 
primary  coil  are  accessible. 

To  aid  the  experimentalist  in  making  these  connections,  we  give 
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Fia.  48.— Diagram  showing  the  Usual  Connections  of  an  Induotion  Coil. 

below  a  diagram  (see  Fig.  48)  which  shows  the  usual  mode  of  con- 
necting up  the  various  parts  of  an  ordinary  induction  coil  of  the 
usual  pattern  with  hammer  break.  This  applies  to  the  coils  made  by 
English  makers  such  as  Apps,  Newton,  Marconi's  Wireless  Tele- 
graph Company,  Ltd.,  and  others  who  follow  the  same  pattern. 
The  diagram  represents  part  of  the  baseboard  of  the  coil,  and  the 
dotted  Unes  show  the  wire  connections  which  are  made  in  the  base- 
board box. 

The  board  generally  has  on  it  two  terminals  at  one  side  marked  P 
and  N  (see  Fig.  48).  To  these  the  working  battery  is  attached,  a  fuse 
wire,  F,  being  interposed ;  also,  as  above  stated,  an  ammeter  and  a 
Morse  key  when  the  coil  is  used  for  wireless  telegraphy.  The  end  of 
the  iron  core  of  the  coil  is  represented  by  I,  and  the  hammer  break  by 
H.  The  platinum  terminals  between  which  the  rupture  of  the  primary 
circuit  takes  place  are  represented  by  T.  On  the  other  side  are  seen 
four  terminals  marked  Cj,  Cj,  C2,  O2.  The  two  pairs  C^,  C^,  and  O2, 
O2  are  generally  connected  by  small  brass  pins,  p,  p,  ending  in  ivory 
knobs.     To  one  pair  G^,  G2  are  connected  the  plates  of  the  primary 
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condenser  G.  If  the  pins  p,  p  are  withdrawn,  then  the  condenser  C 
is  isolated.  Beyond  are  two  other  terminals  marked  coH,  These  are 
the  ends  of  the  primary  coil  of  the  induction  coil.  The  current 
reverser  is  marked  B.  The  connections  under  the  hase  are  denoted 
by  dotted  lines.  If  it  is  desired  to  work  the  coil  with  the  usual 
hammer  break,  all  that  has  to  be  done  is  to  connect  a  working 
battery  of  the  right  size  and  number  of  cells  to  the  terminals  P 
and  N,  and  then  adjust  the  break  and  throw  over  the  reverser  handle 
to  one  side  or  the  other. 

If,  however,  it  is  desired  to  use  some  other  break,  then  the  pins 
p,  p  must  be  withdrawn  and  the  required  break  connected  in  series 
with  the  battery  used  and  with  the  primary  coil.  The  terminals  T 
must  then  be  kept  open  by  inserting  a  wooden  wedge  between  them. 

Separate  wires  must  then  be  brought  from  the  condenser  terminals 
to  the  opposite  sides  of  the  particular  break  used,  so  that  when  the 
circuit  is  opened  the  condenser  G  is  thrown  across  the  break  point. 
If  coils  have  to  be  used  in  series,  then  the  mode  of  arranging  the 
connections  can  easily  be  worked  out  from  the  diagram  of  connections 
in  Fig.  48. 

The  coils  used  for  Bontgen  ray  work,  and  also  for  wireless  tele- 
graphy, are  now  often  constructed  without  breaks  and  condensers 
on  the  same  baseboard,  and  are  intended  to  be  used  with  some  form 
of  separate  break  (see  section  9  of  this  chapter),  and  a  separate 
condenser  of  a  capacity  suitable  for  the  voltage  and  primary  coil 
employed. 

A  practical  precaution  which  it  is  advisable  to  adopt  when  work- 
ing an  ordinary  pattern  induction  coU  off  secondary  cells  as  a  source 
of  primary  electromotive  force  is  to  insert  a  fuse  wire  in  between  the 
ceUs  and  the  battery.  If  the  hammer  break  sticks,  as  it  often  does, 
then  the  secondary  cells  send  a  large  current  through  the  contact, 
and  this  often  welds  the  platinum  contacts  together.  The  use  of  a 
fuse  wire  or  other  form  of  cut-out  may  prevent  damage  to  the  break. 
It  is  always  desirable  to  insert  also  an  ammeter  in  the  primary  circuit, 
and  also  a  voltmeter  across  the  terminals  of  the  battery  to  show  the 
onrrent  and  voltage  acting  on  the  primary  circuit. 

9.  Intarraptors  for  Indaction  CoUb.— When  a  continuous 
eiuTent  is  employed  to  actuate  an  induction  coil,  it  is,  of  course, 
necessary  to  interrupt  the  primary  current  periodically,  in  order  to 
create  an  electromotive  force  in  the  secondary  circuit.  An  important 
adjunct,  therefore,  of  the  induction  coil  is  the  interrupter  or  break 
for  intermitting  the  primary  current.  We  may  divide  interrupters 
into  five  classes : — 

1.  Hammer  interrupters. 

2.  Dipper  interrupters. 

3.  Motor  interrupters. 

4.  Turbine  or  jet  interrupters. 

5.  Electrolytic  interrupters. 

We  have  first  the  well-known  hammer  interrupter,  which  Gonti- 
nental  writers   generally  attribute  to   Neef  or   Wagner.si    In  this 

"  Dn  Moncel  states  that  MacGauley,  of  Dublin,  independently  invented  the 
ionn  of  hammer  break  as  now  used.  See  J.  A.  Fleming,  **  The  Alternate  Current 
Tntulormet"  roh  2,  ohap.  I. 
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interrapter,  the  magnetizatioii  of  the  iron  core  of  the  ooil  is  caused 
to  attrsict  a  soft  iron  block  fixed  at  the  top  of  a  brass  spring,  and 
by  so  doing  to  interrupt  the  primary  circuit  between  two  platinum 
contacts.  Mr.  Apps  added  an  arrangement  for  pressing  back  the 
spring  against  the  hack  contact,  and  the  form  of  hammer  break  that 
is  now  generally  employed  is  therefore  called  an  Apps  break  (see 
Fig.  49). 

As  the  10-inch  coil  takes  a  current  of  10  amperes  at  16  volts 
when  in  operation,  it  requires  very  substantial  platinum  contacts  to 
stand  this  current  continuously  without  damage.  The  small  platinum 
contacts  that  are  generally  put  on  these  coils  by  most  instrument 
makers  are  very  soon  worn  out  in  practical  wireless  telegraphy  work. 
If  a  hammer  break  is  used  at  all,  it  is  essential  to  make  the  contacts 

of  substantial  pieces  of  plati- 
num, at  least  6  mms.  in 
diameter,  and  from  time  to 
time,  as  they  get  burnt  away 
or  rougheneid,  they  must  be 
smoothed  up  with  a  fine  file. 
It  does  not  require  much  skill 
to  keep  the  hammer  contacts 
in  good  order  and  prevent 
them  from  sticking  together 
and  becoming  damaged  by 
the  break  spark. 

By  regulating  the  pressure 
of  the  spring  against  the  back 
contact  by  means  of  the  ad- 
justing screw,  the  rate  at 
which  the  break  vibrates  can 
be  adjusted  to  make  from  10 
to  50  or  60  interruptions  a 
second.  The  hammer  break 
is  usually  operated  by  the 
magnetism  of  the  iron  core 
of  the  coil,  but  for  some 
reasons  it  is  better  to 
separate  the  break  from  the 
coil  altogether,  and  to  work  it  by  an  independent  electro-magnet, 
which,  however,  may  be  excited  by  a  current  from  the  same  battery 
supplying  the  induction  coil.  For  coils  up  to  the  10-inch  size  the 
hammer  break  is  sufficiently  good  when  very  rapid  interruptions 
are  not  required.  It  is  not  in  general  practicable  to  work  coils  larger 
than  the  10-inch  size  with  a  hammer  break,  as  such  a  platinum 
contact  becomes  overheated  and  sticks  if  more  than  10  amperes  is 
passed  through  it.  In  the  case  of  larger  coils,  we  must  therefore 
employ  some  form  of  interrupter  in  which  mercury  or  a  conducting 
liquid  forms  one  of  the  contact  surfaces.  On  account  of  its  sim- 
plicity and  ease  of  management,  however,  the  hammer  break  is  still 
much  used  in  induction  coils  employed  in  wireless  telegraphy. 

The  second  class  of  interrupter  is  the  self-acting  or  hand-worked 
dipper  break,  in  which  a  platinum  or  steel  pin  is  made  to  plunge  in 


Fig.  49. — Apps*  Hammer  Break  for  the 
Induotion  Ooil. 
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and  out  of  mercury.  This  movement  may  be  efifeoted  by  the  attrac- 
tion of  an  iron  armature,  by  an  electro-magnet,  by  the  varying 
magnetism  of  the  core  of  the  coU,  or  it  may  be  effected  slowly  by 
hand  or  rapidly  by  an  electric  molor. 

Tiie  mercury  surface  must  be  covered  with  water,  alcohol, 
paraffin,  or  creosote  oil,  to  prevent  oxidation  and  to  extinguish  the 
break  spark.  The  interruption  of  the  primary  current  obtained  by 
the  mercury  dipper  break  is  more  sudden  than  that  obtained  by  the 
platinum  contact  in  air,  at  least  when  the  mercury  is  covered  with 
oil,  in  consequence  of  the  more  rapid  extinction  of  the  spark ;  hence 
the  sparks  obtained  from  coils  fitted  with  mercury  dipper  inter- 
rupters are  generally  from  20  to  30  per  cent,  longer  than  those 
obtained  from  the  same  coil  under  the  same  conditions  with  platinum 
contact  interrupters.  The  mercury  must  be  cleaned  at  regular 
intervals  by  emptying  off  the  oil  or  alcohol  and  rinsing  the  metal 
well  with  clean  water,  and  hence  they  require  rather  more  attention 
than  platinum  interrupters.  The  mercury  interrupter  has,  however, 
the  advantage  that  the  contact  time  during  which  the  circuit  is  kept 
closed  may  be  made  longer  than  is  the  case  with  the  hammer  break. 
Also  if  fresh  water  is  allowed  to  flow  continuously  over  the  mercury 
surface,  it  can  be  kept  clean,  and  the  break  will  then  operate  for 
considerable  periods  of  time  without  attention. 

The  hammer  or  platinum  contact  interrupter  will  not  work  well 
with  an  electromotive  force  of  more  than  12  or  16  volts,  because  at 
higher  electromotive  forces  the  break  spark  prolongs  the  decadence 
of  the  primary  current.  Hence,  if  coils  are  worked  on  a  100-volt 
circuit  or  at  higher  voltage,  some  form  of  mercury  break  must  be 
employed. 

A  third  kind  of  interrupter  is  called  a  motor  interrupter,  and  of 
these  a  large  number  have  oeen  invented  in  recent  years.  In  this 
interrupter  some  form  of  a  continuously  rotating  electric  motor  is 
employed  to  make  and  break  a  metal  contact  with  mercury  or  other 
liquid.  In  one  simple  form  the  motor  shaft  carries  an  eccentric  which 
intermittently  dips  a  platinum  point  into  mercury,  or  else  a  platinum 
horseshoe  into  two  mercury  surfaces,  making  in  this  manner  an 
interruption  of  the  primary  circuit  at  one  or  two  places.  As  a  small 
motor  can  easily  be  run  at  1200  revolutions  per  minute,  or  20  per 
second,  it  is  possible  easily  to  secure  in  this  manner  a  uniform  rate 
of  interruption  of  the  primary  current  at  the  rate  of  about  20  per 
second.  If,  however,  much  higher  speeds  are  employed,  then  the 
time  of  contact  becomes  abbreviated,  and  the  power  of  the  coil  to 
charge  the  capacity  is  diminished. 

One  form  of  motor  interrupter  invented  by  Dr.  Mackenzie  David- 
son is  illustrated  in  Figs.  50  and  51.  A  box  contains  a  vessel  one- 
tfaiid  full  of  mercury  and  the  rest  of  the  space  filled  up  with  paraffin 
oil.  In  this  mercury  nn  inclined  steel  shaft  dips.  The  shaft  is  rotated 
by  means  of  an  electro-motor  belted  to  it.  The  speed  of  the  motor 
can  be  regulated  by  a  variable  resistance.  The  steel  shaft  carries  at 
its  lower  end  a  slate  disc  fixed  transversely  to  it.  The  disc  is  of  such 
a  size  that  it  is  only  partly  immersed  in  the  mercury.  The  disc  is 
secured  to  the  shaft  by  a  metal  pin  passing  transversely  through  it, 
the  outer  end  of  the  pin  being  flush  with  the  edge  of  the  disc.     As 
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the  shaft  rotates  the  outer  end  of  this  pin  U  alternately  immersed 
ID  the  mercury  and  raised  out  of  it,  and  therefore  puts  the  steel  shaft 
into  electrical  connection  with  the  mercury  at  intervals,  depending 
on  the  speed  of  rotation  of  the  shaft.  The  inclined  shaft  is  carried 
in  metal  bearings,  which  act  as  an  electrode. 


'FiQ.  50. — Mockonzie  Davidson  Motor  Interrupter. 

The  details  of  the  disc  and  pin  and  manner  in  which  contact  is 
made  and  interrupted  by  its  rotation  will  be  understood  from  Fig.  51. 

When  the  motor  is  running  slowly  the  interrupter  can  be  used 
with  a  low  electromotive  force,  that  is  to  say,  something  between  12 
and  20  volts ;  hut  with  a  higher  speed  a  larger  electromotive  force 
can  he  employed  without  danger  of  passing  too  much  current.  With 
an  electromotive  force  of  about  50  volts,  the  interruptions  may  be 


made  so  rapid  that  an  unbroken  arc  of  flame,  resembling  an  alternat- 
ing current  arc,  springs  between  the  secondary  terminals  of  the  coil. 
Mr.  Tesla  has  also  devised  numerous  forms  of  rotating  mercury 
break.  In  one  a  star-shaped  metal  disc  revolves  in  a  box  so  that  its 
points  dip  into  mercury  covered  with  oil  and  make  and  break  contact, 
In  another  form  a  jet  of  mercury  plays  against  &  form  of  toothed 
rotating  wheel. 
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For  details  of  these  ictemipters  the  reader  must  coDsult  the 
fuller  dosoriptioDS  ia  the  Eleelriral  World,  of  New  York,  1898,  vol.  32, 
p.  Ill ;  or  SrimM  AbstraeJn,  1898,  vol.  3,  pp.  46  and  457. 

A  fourth  class  of  interrupter  is  called  a  UitHm  or  mercury  jH  inter- 
nailer.  Id  this  appliaoce  a  jet  of  mercury  forced  out  of  a  small 
aperture  by  means  of  a  centrifugal  pump  is  made  to  squirt  against 
a  metal  plate,  and  the  jet  is  interrupted  intermittently  by  means  of 
a  toothed  wheel  made  of  insulating  material,  rotated  by  the  motor 
which  drives  the  pump.  Otherwise  a  revolving  jet  of  mercury  is 
made  to  impinge  intermittently  upon  a  fixed  metal  plate.  The  current 
supplying  the  coil  passes  through  or  along  this  jet  of  mercury,  and  is 
therefore  rendered  intermittent  when  the  jet  or  metal  plate  revolves. 
The  mercury  is  covered  with  parafGn  oil  or  alcohol  to  preserve  the 
mercury  jet  from  oxidation. 

In  the  case  of  this  interrupter,  the  duration  of  the  contracts,  aa 
well  as  a  number  of  interrup- 
tions per  second,  is  under  con- 
trol, and  for  this  reason,  better 
results  are  probably  obtained 
with  it  than  with  most  other 
forms  of  break. 

A  description  of  an  early 
form  of  turbine  mercury  bre^ 
by  Max  Levy  was  given  in 
the  Elektrotechnitchf  ZuiUchriff, 
October  12, 1899,  vol.  20,  p.  717 
(see  also  Seiencf  Abslrarls,  vol. 
3,  p.  63.  Abstract  No.  165),  as 
follows : — 

A  toothed  wheel  made  of 
insulating  material  carries  from 
6  to  24  saw-shaped  teeth,  and 
can   be   made  to  rotate  from 
300  to  3000  times  per  minute 
by  a  motor.     The  teeth  of  this        ] 
wheel  interrupt  a  jet  of  mercury 
thrown  by  a  centrifugal  pump 
against  a  metal  plate  (see  Fig.  52).     Moreover,  by  raising  or  lowering 
the  position  of  tne  interrupting  wheel  by  a  lever  the  duration  of  the 
contact  can  be  varied,  so  that  it  is  possible  to  regulate  this  period 
without  disturbing  the  number  of  interruptions  per  second.      The 
pump  and  wheel  are  contained  in  a  vessel  partly  full  of  mercury 
ovei^ud  with  paraffin  oil. 

The  sparks  obtained  from  a  coil  worked  with  a  tnrhine  interrupter 
are  mooh  thicker  and  convey  a  greater  electric  quantity  than  the 
sparks  made  by  hammer  breaks.  Also  by  means  of  the  turbine  break 
an  induction  coil  can  be  worked  with  a  higher  voltage  than  is  possible 
when  using  a  hammer  break,  and  the  turbine  break  has  also  the 
advantage  of  being  nearly  noiseless  in  use.  By  properly  adjusting 
the  break,  tbe  appearance  of  the  secondary  sparks  can  be  varied 
from  the  thin  snappy  sparks  given  by  the  hammer  break  to  the  thick 
flune-like  arc  sparks  given  hy  the  electrolytic  break.    The  turbine 
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break  oaD  be  adapted  for  any  voltage  from  12  to  250  volts,  and  tbe 
primary  circuit  cannot  be  closed  before  the  interrupter  is  acting. 

The  chief  drawback  to  its  use  is  that  the  mercury  has  to  be 
cleaned  at  intervalB  if  the  intemipter  fa  much  used.  If  alcohol  is 
employed  to  cover  the  morcui^  the  naetal  need  only  to  be  rinsed 
under  a  vrater  tap  and  afterwards  dried  with  blotting-paper.  When 
paraffin  oil  is  used  the  cleaning  is  more  troubloHOme,  but  is  effected 
with  tbe  help  of  a  few  ounces  of  sulpburic  acid.  Tbe  mercury  by 
use  gets  gradually  resolved  into  a  sort  of  black  mud,  consisting  of 
globules  of  mercury  intermingled  with  oil.  If  tbe  mud  is  well  shf^en 
up  with  a  little  strong  sulphuric  acid  this  oily  film  is  removed.  The 
acid  is  then  washed  away  with  fresh  water,  and  clean  metallic 
mercury  remains  behind. 

The  motor  driving  tbe  centrifugal  pump  can  be  wound  for  any 


Fia.  53.— Msrour;  Turbine  Interrapbei.     (SohaU.) 

voltage,  and  it  is  best  to  have  it  so  arranged  that  this  motor  is  worked 
by  the  same  battery  as  that  which  supplies  the  primary  circuit  of  the 
coil,  tbe  two  circuits  working  parallel  together.  A  rheostat  can  be 
added  to  tbe  motor  circuit  to  regulate  the  speed. 

In  Fig.  53  is  shown  a  diagram  of  a  good  form  of  mercury  jet  break 
by  Schall. 

A  centrifugal  pump  causes  a  revolving  jet  of  mercury  to  impinge 
against  a  copper  plate.  The  mercury  is  contained  in  a  glass  vessel, 
and  is  covered  with  paraffin  oil,  so  that  the  jet  of  mercury  takes  place 
in  oil.  Tbe  duration  of  the  contact  can  be  varied  by  an  adjusting 
lever  which  shifts  the  position  of  tbe  copper  plate. 

Tbe  motor  driving  it  can  be  wound  for  either  high  or  low  voltage, 
and  in  selecting  a  break  of  this  kind  it  is  necessary  to  determine  the 
choice  of  voltage  by  the  nature  of  the  winding  of  the  primary  circuit 
of  tbe  indnotion  coil  used  with  it.  Generally  speaking,  tbe  maker  of 
the  coil  specifies  this  to  the  purchaser. 

Tbe  great  trouble  with  all  these  mercury  breaks  when  used  with 


AXD  ELECTRIC   OSCILLATIONS  tW 

paraffin  tnl  or  Alcohol  as  a  coreriDg  liquid  is  that  the  meronry  is  before 
long  worked  np  ioto  a  sort  of  black  mud  and  ceases  to  conduct.  M. 
B^^re,  of  Paris,  made  an  enormous  improvement  in  substituting 
coal  gas  for  the  insulating  liquid.  A  break  ot  the  type  shown  in 
Fig.  53  is  employed,  but  instead  of  filling  the  space  above  the  mercury 
with  oil  it  is  kept  full  of  coal  gas  from  a  small  gas-bag  which  just 
sapplies  the  loes  by  leakage.  When  so  modified,  the  break  will  work 
for  hours  and  even  months  without  the  slightest  attention,  and  a 
mercury-coal  gae  interrapter  of  this  type  is  now  essential  in  all  pro- 
longed experimental  work  with  the  induction  coil  used  as  a  source  of 
oscillations.  A  good  form  of  coal  gas-mercury  break,  made  by  Messrs. 
Watson  Ic  Sons,  driven  by  a  separate  motor,  is  shown  in  Fig.  54. 

Lastly,  we  have  the  dedrolytie 
itUfrrupfw*,  which  were  first  intro- 
duced by  Dr.  Wehnelt,  of  Char- 
lottenburg,   in    the  year  1899,  and 


Pto.  54.— Coal  Oas-MercoiT  Tnibine 
Hotot-driven  Bresb  for  IndnotiDii 
CoU  WoiUng.    (Watson  &  Sona.)  Fig.  &6.— Wehnelt  EleotrolyUc  Break. 

modified  by  subsequent  inventors.  In  its  original  form  it  consists 
of  a  glass  vessel  filled  with  dilute  sulphuric  acid,  consisting  of  one  part 
of  sbong  acid  to  five  or  else  ten  parts  of  water.  This  vessel  contains 
two  electrodfea  of  very  different  sizes;  one  is  a  large  lead  plate,  formed 
of  a  piece  of  sheet  lead  laid  round  the  interior  of  the  vessel,  and  the 
other  is  a  short  piece  of  platinum  wire  projecting  from  the  end  of  a 
glass  or  porcelain  tube  (see  Fig.  55).  The  smaller  of  these  electrodes 
is  made  the  positive,  and  the  large  one  the  negative.  If  this  electro- 
lytic cell  is  connected  in  series  with  the  primary  circuit  of  the  induction 
coil  (the  condenser  being  out  out),  and  supplied  with  an  electromotive 
force  from  40  to  60  volts,  an  electrolytic  action  takes  place  wbich 
interrupts  the  current  periodically.  An  enormous  number  of  inter- 
ruptions can,  by  suitable  adjustment,  be  produced  per  second,  and 
the  appearance  of  the  discharge  from  the  secondary  terminals  of  the 
coil,  while  using  the  Wehnelt  break,  more  resembles  an  alternate 
cmrent  arc  than  the  usual  disruptive  spark.^ 

■■  8«e  Dr.  Wehnelt's  article  in  the  EUklrotechrn*ehe  Zeitachrifl,  Jaouar;  20, 
U99. 
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At  the  time  when  the  Wehcelt  break  was  first  introduced,  great 
interest  was  excited  in  it,  and  the  technical  journals  in  1899  were  full 
of  discussions  as  to  the  theory  of  its  operation.33 

The  general  facts  concerning  the  Wehnelt  break  are  that  the 
electrolyte  must  be  dilute  sulphuric  acid  in  the  proportion  of  one 
of  add  to  five  or  ten  of  water.  The  large  lead  plate  must  be  the 
cathode,  or  negative  pole,  and  the  anode,  or  positive  pole,  must  be  a 
platinum  wire  about  a  milUmetre  in  diameter,  and  projecting  1  or 
2  mms.  from  the  pointed  end  of  a  porcelain,  glass,  or  other  acid- 
proof  insulating  tube.  The  aperture  through  which  the  platinum 
wire  works  must  be  so  tight  that  acid  cannot  enter,  yet  it  is  desirable 
that  the  platinum  wire  should  be  capable  of  being  projected  more  or 
less  from  the  aperture  by  means  of  an  adjusting  screw.  The  glass 
vessel  which  contains  these  two  electrodes  should  be  of  consider- 
able size,  holding,  say,  a  quart  of  fluid,  and  it  is  better  to  include 
this  vessel  in  a  larger  outer  one  in  which  water  can  be  placed  to 
cool  the  electrolyte,  as  the  latter  gets  very  warm  when  the  break 
is  used  continuously.  If  such  an  electrolytic  cell  has  a  continuous 
electromotive  force  applied  to  it  tending  to  force  a  current  through 
the  electrolyte  from  the  platinum  wire  to  the  lead  plate,  we  can 
distinguish  three  stages  in  its  operation,  which  are  determined  by 
the  electromotive  force  and  the  inductance  in  the  circuit.  First,  if 
the  electromotive  force  is  below  16  or  20  volts,  then  ordinary  and 
silent  electrolysis  of  the  liquid  proceeds,  bubbles  of  oxygen  being 
liberated  from  the  platinum  wire  and  hydrogen  set  free  against  the 
lead  plate.  If  the  electromotive  force  is  raised  above  25  volts,  then 
when  there  is  no  inductance  in  the  circuit  the  continuous  flow  of 
current!  proceeds,  but  if  the  circuit  of  the  electrolyte  possesses 
a  certain  minimum  inductance,  the  character  of  the  current  flow 
changes,  and  it  becomes  intermittent,  and  the  cell  acts  as  an  inter- 
rupter, the  current  being  interrupted  from  100  to  2000  times  per 
second,  according  to  the  electromotive  force  and  the  inductance  of 
the  circuit.  Under  these  conditions  the  cell  produces  a  rattling  noise, 
and  a  luminous  glow  appears  round  the  top  of  the  platinum  wire. 
Thus,  in  a  particular  case,  with  an  inductance  of  0*004  millihenry  in 
the  circuit  of  a  Wehnelt  break,  no  interruption  of  the  circuit  took 
place,  but  with  1  millihenry  of  inductance  in  the  circuit  and  with  an 
electromotive  force  of  48  volts,  the  current  became  intermittent  at 
the  rate  of  930  per  second,  and  by  increasing  the  voltage  to  120 
volts  the  intermittency  rose  to  1850  a  second. 

The  Wehnelt  break  acts  best  as  an  interrupter  with  an  electro- 
motive force  from  40  to  80  volts.  At  higher  voltages  a  third  stage 
sets  in  ;  the  luminous  glow  round  the  platinum  wire  disappears,  and 
it  becomes  surrounded  with  a  layer  of  vapour,  as  observed  by  MM. 
.  Violle  and  Ghassagny;  the  interruptions  of  current  cease,  and  the  . 
platinum  wire  becomes  red-hot.     If  there  is  no  inductance  in  the 

"  See  The  Electrician,  1899,  vol.  42,  pp.  721, 728, 731,  782,  and  842 ;  coxmnuni- 
cations  from  Mr.  Campbell  Swinton,  Prof.  S.  P.  Thompson,  Dr.  Marohant,  the 
author,  and  others.  Also  p.  864  of  same  volume,  for  a  leader  on  the  subject.  Also 
p.  870,  letters  by  M.  Blondel  and  Prof.  E.  Thomson,  See  also  The  Electrioian, 
1899,  vol.  48,  p.  5.  extract  from  a  paper  by  P.  Barry,  Comptes  Bendus,  April  10, 
1899.     See  also  The  Electrical  Review,  February  17,  1899,  vol.  44,  p.  235. 
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circuit  the  interrapted  stage  never  sets  in  at  all,  bat  the  first  stage 
passes  directly  into  the  third  stage.  In  the  first  stage  babbles  of 
oxygeo  rise  steadily  from  the  platinam  wire,  and  in  the  interrapted 
stage  they  rise  at  longer  intervals,  but  regularly.  The  cell  will 
not,  however,  act  as  a  break  unless  some  indactance  exists  in  the 
circuit. 

Id  appljring  the  Wehnelt  break  to  the  usual  form  of  induction 
coil,  the  condenser  and  ordinary  hammer  break  are  cut  oat  of  - 
circuit,  and  the  Wehnelt  break  is  placed  in  series  with  the  primary 
coil.  In  some  cases  the  indactance  of  the  primary  coil  alone  is 
sufficient  to  start  the  break  in  operation,  but  vrith  voltages  above  50 
or  60  it  is  generally  necessary  to  supplement  the  inductaace  of  the 
primary  coil  by  an  additional  external   inductance  coil.     The  best 


Pio.  A6. — Wehnelt  Electrolytic  lutemiptcr  witb  Multiple  Anodes. 

form  of  Wehnelt  break  for  operating  induction  coils  is  the  one  with 
multiple  anodes  (see  Fig.  56,  also  see  remarks  by  Dr.  Marchant,  in 
The  Ei^lrieinn,  1899,  vol.  42,  p.  841),  and  when  it  has  to  be  used  for 
long  periods  the  cathode  may  advantageously  be  formed  of  a  spiral  of 
lead  pipe  through  which  cold  water  is  made  to  circulate. 

Another  form  of  electrolytic  break  was  introduced  by  M.  Simon 
and  by  Mr.  Caldwell.  In  this  a  vessel  containing  dilute  sulphuric 
add  is  divided  into  two  parts  (see  Fig.  57).  In  the  partition  is  a 
smatl  hole,  and  in  the  two  compartments  are  electrodes  of  sheet  lead. 
The  small  bole  causes  an  intermittency  in  the  current  which  converts 
the  arrangement  into  a  break.  Mr.  Campbell  Swinton  modified  the 
■hove  amngement  by  making  the  partition  consist  of  a  sort  of 
porcelain  teet  tube  with  a  hole  in  the  bottom.  Thie  hole  can  be  more 
or  less  plugged  up  by  a  glass  rod  drawn  out  to  a  point.    The  porcelain 
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veBsel  contains  dilute  acid,  and  stands  ia  a  latter  vessel  of  acid,  and 
lead  elecbrodee  are  placed  in  both  compartments.  The  current  and 
intermittency  can  be  regulated  by  more  or  less  closing  the  aperture 
between  the  two  regions. 

When  the  Wehnelt  break  is  applied  to  an  ordinary  lO-inch  induc- 
tion coil,  and  the  inductance  of  the  primary  circuit  and  the  electro- 
motive force  varied  until  the  break  interrupts  the  current  regularly, 
with  a  frequency  of  some  hundreds  a  second,  the  character  of  the 
secondary  discharge  is  entirely  different  from  its  appearance  with  the 
ordinary  hammer  break.     The  thin  blue  lightning-like  sparks  are  then 


FlQ.  67.— Simon  or  Caldwell  Interrupter. 

replaced  by  a  thicker  mobile  flaming  discharge,  which  resembles  an 
alternating  current  arc,  and  when  carefully  examined  or  photographed 
is  found  to  consist  of  a  number  of  separate  discharges  superimposed 
upon  one  another  in  slightly  different  positions. 

Several  hypotheses  have  been  suggested  to  explain  the  action  of 
the  break,  but  it  is  not  necessary  to  consider  these  in  detail.  Professor 
S.  P.  Thompson  and  Dr.  Marchant  have  advocated  a  theory  of 
resonance."  One  difficulty  in  explaining  the  action  of  the  break  is 
created  by  the  fact  that  it  will  not  work  if  the  platinum  wire  is  made 
a  cathode. 

"  8eo  The  EUctridan,  1899,  vol.  iS,  pp.  781  »nd  811. 
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Although  the  Wehnelt  break  has  some  advantages  in  connection 
with  the  use  of  the  induction  coil  for  Bontgen  ray  work,  its  utility  as 
far  as  regards  the  production  of  electric  oscillations  and  its  use  in 
electric  wave  telegraphy  is  not  by  any  means  so  marked.  It  has  already 
been  explained  t^t  in  order  to  charge  a  condenser  of  a  given  capacity 
at  a  constant  voltage  the  electromotive  force  must  be  applied  for  a 
certain  minimum  time,  which  is  determined  by  the  value  of  the 
capacity  of  the  condenser  used  and  the  resistance  of  the  secondary 
circuit  of  the  induction  coil. 

If  the  coil  is  a  10-inch  coil,  and  has  a  secondary  resistance  of,  say, 
6000  ohms,  and  if  the  capacity  to  be  charged  has  a  value,  say, 
of  T^  mfd.,  then  the  time-constant  of  the  circuit  is  j^  second. 
Therefore  the  electromotive  force  charging  the  condenser  must  be 
maintained  for  at  least  -^  second,  so  that  the  condenser  may 
become  charged  to  the  voltage  which  the  coil  is  then  producing. 

In  the  induction  coil  the  electromotive  force   generated  in   the 
secondary  coil  at  the  **  break  "  of  the  primary  current  is  higher  than 
that  at   the  ''make,"   and  the  magnitude    and    duration    of    this 
electromotive  force,  other  things  being  equal,  depends  upon  the  rate 
at  which  the  magnetism  of  the  iron  core  dies  away.     Its  duration  is 
shorter  in  proportion  as  the  whole  time  occupied  in  the  disappearance 
of  the  magnetism  is  less.     The  Wehnelt  break  does  not  increase  the 
actual  value  or  duration  of  the  electromotive  force  in  the  secondary 
circuit,  but  it  greatly  increases  the  number  of  times  per  second  this 
electromotive  force  is  created.     Accordingly,  it  increases  the  secondary 
discharge  current,  but  not  the  secondary  electromotive  force.     Hence, 
when  employing  an  induction  coil  to  create  electric  oscillations  in  an 
aerial  wire,  and  therefore  to  send  out  trains  of  electric  waves,  the 
nature  of  the  receiver  or  wave  detector  used  determines  whether  the 
use  of  the  Wehnelt  break  is  an  advantage  or  not.     When  using  those 
types  of  wave  detector  which  are  influenced  chiefly  by  the  maximum 
value  of  the  wave  train,  and  not  by  the  root-mean -square  value,  the 
increase  in  the  number  of  wave  trains  per  second  produces  no  addi- 
tional advantage. 

On  the  other  hand  with  most  modem  receivers,  and  with  the 
aural  or  telephone  method  of  reception  explained  in  a  later  chapter  it 
is  very  essential  to  have  in  the  spark  transmitter  a  high  and 
uniform  spark  frequency,  which  should  preferably  be  about  500  per 
second.  The  frequency  must,  however,  be  perfectly  under  control. 
The  Wehnelt  break  does  not  fulfil  these  requirements,  and  hence  is  of 
no  use  in  modem  radiotelegraphy.  There  are,  in  addition,  quite 
different  methods  of  securing  the  necessary  interruptions  in  the 
primary  current  of  an  induction  coil  depending  on  the  discharge  of 
energy  from  a  condenser  or  an  inductance  coil  which  may  be 
mentioned  here.    One  of  these  is  as  follows :  — 

An  electrol3rtic  condenser  of  large  capacity  such  as  that  made  by 
Griflson  is  employed.  It  is  constructed  of  plates  of  aluminium  placed 
in  a  special  electrolyte,  like  plates  in  a  secondary  cell.  The  alternate 
plates  are  connected  together  and  form  the  two  opposed  surfaces  of 
the  condenser.  If  a  current  is  passed  in  one  direction  through  the 
cell  from  one  set  of  plates  to  the  other,  a  current  flows  for  a  short 
time,  but  is  soon  stopped  if  the  E.M.F.  does  not  much  exceed  100  volts. 
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This  is  due  to  the  formation  on  the  anode  plates  of  a  film  of  imper- 
vious or  non-conducting  aluminic  hydroxide.  If,  however,  the  direction 
of  the  current  is  reversed,  the  cell  again  becomes  conductive  for  a 
short  time,  and  the  impervious  film  is  transferred  to  the  other  set  of 
plates.  Hence  the  cell  acts  like  a  condenser  of  large  capacity,  and 
one  equivalent  to  100  mfds.  occupies  a  space  of  only  12  inches  by 
12  inches  by  14  inches. 

If  a  sufficiently  large  cell  of  this  kind  is  connected  in  series  with 
the  primary  circuit  of  an  induction  coil,  and  a  stesuly  E.M.P.  of  100 
volts  or  so  applied  to  the  terminals,  a  current  flows  through  the 
primary  for  a  short  time.  This  current  rises  very  quickly  to  a 
maximum  value  and  then  dies  more  slowly  away.  Hence  it  creates 
in  the  secondary  circuit  two  electromotive  forces  of  very  unequal 
value  and  in  opposite  directions.  Suppose,  then,  that  by  a  special 
commutator  the  position  of  the  plates  of  the  electrolytic  condenser 
is  reversed,  another  brief  current  would  flow  through  the  primary 
coil  in  the  same  direction  and  another  pair  of  secondary  electromotive 
impulses  be  created.  This  reversal  of  the  position  of  the  plates  of 
the  condenser  is  effected  by  the  use  of  a  revolving  motor-driven 
commutator.  At  the  moment  when  the  condenser  is  fully  charged 
and  the  current  has  ceased  in  the  primary  coil,  the  condenser  con- 
nection with  the  circuit  can  be  broken  wUhotit  spark,  and  remade  with 
the  plates  in  a  reversed  direction.  Hence  the  arrangement  sends 
through  the  primary  circuit  of  the  induction  coil  a  rapid  series  of 
"  puffs  "  of  electric  current,  and  these  create  secondary  electromotive 
forces  which  predominate  in  one  direction.  This  gives  us  exactly  the 
result  we  have  in  the  coil  as  worked  with  the  ordinary  break,  and 
does  it  without  spark.  A  diagram  of  the  connections  is  shown  in 
Fig.  58,  and  the  general  appearance  of  the  condenser  and  commutator 
in  Fig.  59. 

In  those  researches,  in  which  very  regular  groups  of  oscillations 
must  be  produced,  this  apparatus  offers  a  great  advantage. 

In  another  arrangement,  also  devised  by  Grisson,  an  induction 
coil  with  a  special  form  of  primary  winding,  is  employed.  The 
primary  coil  has  three  terminals,  one  at  each  end  and  one  in  the 
centre  of  the  winding.  The  centre  terminal  is  connected  to  one  pole 
of  the  battery,  and  the  other  two  terminals  are  alternately  connected 
to  the  other  pole  by  means  of  a  revolving  commutator.  The  follow- 
ing operations  then  take  place  : — 

(i.)  The  primary  current  flows  through  one-half  of  the  primary 
coil  and  magnetizes  the  iron  core. 

(ii.)  The  current  flows  in  opposite  directions  through  the  two 
halves  of  the  primary  winding,  and  the  core  has  no  resultant  mag- 
netization. 

(iii.)  The  current  flows  through  the  other  half  of  the  primary 
winding,  and  the  direction  of  the  magnetization  of  the  core  is 
reversed. 

(iv.)  The  current  again  splits  and  flows  equally  through  both 
sections  of  the  primary  coil,  and  the  core  is  not  magnetized. 

These  operations  are  rapidly  repeated  in  the  same  order.  The 
result  is,  a  series  of  secondary  currents  are  induced,  which  are  alter- 
nately in  one  direction  and  the  other. 
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Gondensers  are  placed  aoross  the  break  gaps  to  quench  the  spark 
and  exalt  the  secondary  electromotive  forces  as  usual. 

These  changes  of  current  direction  are  effected  by  means  of  a 
rotating  commutator,  consisting  of  metal  segments  let  into  the  peri- 
phery of  a  disc  of  insulating  material.  Brushes  press  against  this 
disc,  and  it  is  driven  round  by  an  electric  motor  actuated  by  the 
source  of  current  supply. 

Another  rather  different  method  of  producing  induction  coil 
discharges  is  due  to  Professor  E.  Wilson  and  Mr.  W.  H.  Wilson.ss 

In  this  method  energy  is  taken  from  an  alternating  current  or 
continuous  current  source  of   supply  and  stored  in  tbe  form   of   a 


Fio.  58.— Arrangement  of  Grisson  Electrolytic  Condenser  and  Induction  Coil. 
G,  electrolytic  condenser;  C,  commutator ;  V,  induction  coil. 

magnetic  field  by  an  inductance.  It  is  then  permitted  to  surge 
into  a  condenser  which  forms  with  the  inductance  a  low  frequency 
oscillatioD  circuit.  When  the  energy  is  thus  stored  the  condenser  is 
bridged  across  by  the  primary  of  the  induction  coil,  with  which  it 
forms  a  high  frequency  oscillation  circuit.  The  energy  is  then  trans- 
ferred to  the  secondary  circuit.  These  various  changes  of  connection 
are  made  by  a  motor-driven  commutator. 

A  general  view  is  shown  in  Fig.  60.  The  spark  coil  on  tbe  left 
hand  is  a  10-inch  induction  coil,  wound  with  aluminium  wire  if  light 
weight  is  desired,  or  copper  strip  for  very  low  resistance  and  heavy 


**  See  E.  Wilson  and  W.  H.  Wilson  on  "  ANew  Method  for  Producing  High 
Tetisioo  Discharges/'  The  Electrician,  September  9th,  1910. 
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discharges.    The  coodenser  is  in  the  base  of  the  coil.     The  motor- 


OrisBon  Electrolytic  Condenier. 


driven  commutator  is  oq  the  right   and   in  its    box  or  base   is  the 
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inductance.  Thia  last  coil  has  several  tappings  so  that  it  can  be 
Qsed  with  either  260,  100  or  12  volts — according  to  the  supply 
voltage  available. 

The  following  is  a  more  detailed  description  of  the  mode  of  action 
as  given  by  the  inventor : — "o 


Fio.  60. — Wilson  Indnetion  Goil  mid  Commutator. 


Fig.  61  is  a  di&gram  of  the  comiections,  in  which  1  is  the  winding  ol  the 
iodncUuice  or  choking  coil ;  2  and  B  are  the  primftry  aad  the  secondary  windings 
leepectiTel;  of  the  apark-coU  ;  4  is  the  condenser  and  &  is  the  interrupter.  The 
tndactance  (1)  is  supplied  with  a  number  of  taps,  oarreaponding  to  the  tenmnala 
mentioned  In  connection  with  Fig.  60,  one  of  which  ia  connected  to  one  pole  of  the 
suppl;  aouice  (6).  The  other  poleof  the  supply  ia  connected  to  a  brush  (a)  beariog 
on  the  interrupter,  which  may  now  be  hriedy  deaciibed.  In  the  form  shown  it 
coDslate  of  a  duo  of  ebonite  whtoh  carries  a  metal  segment  aad  a  complete  metal 
ring  oonnected  to  the  segment.  Three  brusbea  {a,  b,  c)  bear  u^n  the  b^linder. 
Bnuh  a  makes  contact  with  the  segment  once  in  every  revolution.  Briuh  b  in 
alwayK  in  contact  with  the  segment,  ainoe 
it  bnrs  upon  the  slip  ring  attached  (o 
the  ngmeDt.  Brush  e  is  mounted  on  an 
adjnitable  arm,  and  makea  contact  with 
the  segment  once  in  a  revolution.  The 
junction  of  theinductanceand  condenaer 
isconnectedtobrush  A.  The  junction  of 
the  inductAUoe  and  the  primary  winding 
of  (he  spark-coil  is  connected  to  brush  c. 
It  may  be  mentioned  that  at  a  speed  oi 
3,600  rsTolutions  per  minute  the  fre. 
qucDcy  ot  interruptiona  ia  siity  per 
wcond.  Thia  can  be  increased  by  prO' 
Tiding  more  than  one  cycle  of  events  per  Fia.  61. — Diagram  of  Connections  of 
revolation  of  the  motor.  Wilson  Induction   Coil    and    Com- 

We  may  now  conuder  what  happens        mutator, 
at  the  epochs  of  "  make  "  and  "  break," 

At  "  make  "  the  brushes  a  and  b  are  oonceoted  by  the  segment,  and  the  supply 
wnrce  (6)  is  switched  on  to  the  system.  A  current  rises  in  the  inductance  (1) 
■od  stoies  energy  in  its  magnetic  field.  The  condenser  (4)  ia  charged  to  Uie 
potential  of  the  supply,  the  charging  ourient  passing  through  the  primary  winding 
ul  the  spark-coil.  AC  "  break  "  the  brush  a  severs  contact  with  the  segment,  and 
11  intulalad.  The  system  with  energy  stored  in  the  inductance,  and  the  condenser 
is  now  isolated.  The  condenser  immediately  parts  with  its  energy  by  diachargiog 
it  ioto  the  inductance.  The  condenser  Chen  begins  to  be  oharged  in  the  reverse 
direction  by  the  biting  field  of  the  inductance,  and  in  a  time  depending  npon  the 
vniUnta  of  (be  circuit  the  whole  of  the  energy  is  transferred  to  the  oondenser, 
sod  it  ii  tolly  charged.  Bmah  c  can  be  so  adjusted  that  at  thia  moment  it  begins 
W  touch  the  mgmant  of  the  contact-maker,  and  thereby  short-circuits  the  induct- 
uoe  11).    The  condenser  then  discharges  with  greater   rapidity  through   the 


•  Soe  Proe.  of  Boyai  Society  of  MedidM,  April,  1911. 


72  THfi   MODUCTION   OF   HIGH   FREQUENCY   CURRENTS 

primary  vdnding  of  the  spark-coil  and  the  energy  as  received  at  the  terminals  of 
the  secondary  winding  can  he  in  the  nature  of  practically  a  unidirectional  dis- 
charge if  desured  for  A-ray  work.  This  is  rendered  possible  by  the  fact  that  the 
core  of  the  spark-coil  can  be  closed,  therehy  reducing  the  leakage  as  between  the 
primary  and  secondary  windings.  In  other  words,  the  first  half  wave  of  E.M.F. 
in  the  secondary  is  enormously  greater  than  the  second^  and  this  latter  is  so  small 
as  to  cause  no  appreciable  current  to  pass  as  an  inverse  current  through  the 
tube.  As  for  the  mverse  current  at  "  make,"  this  is  due  to  the  slowly  changing 
current  to  the  condenser,  and  is  negligibly  small  even  when  supply  voltages  of 
250  are  employed.  On  snob  circuits  as  250  volts  no  series  resistances  are  necessary, 
and  the  efficiency  is  still  maintained  at  a  value  of  from  70  to  80  per  cent.  In 
other  words,  it  is  only  necessary  on  such  voltages  as  100,  200,  or  250,  to  have  an 
ordinary  twin  flexible  conductor,  such  as  is  used  for  a  reading  lamp. 

10.  Low  Frequency  AlternatoPB  and  Tpansfopmeps  for  gene- 
rating Electric  Oscillations. — When  alternating  current  is  available, 
an  alternating  current  transformer  is  now  always  employed  to  produce 
electric  oscillations  in  place  of  an  induction  coil  operated  by  con- 
tinuous currents.  An  ordinary  induction  coil  can  also  be  employed 
as  an  alternating  current  transformer,  if  its  condenser  and  break 
is  removed  and  the  primary  circuit  supplied  witb  an  alternating 
current.  The  frequency  of  the  primary  current  employed  should 
not  be  less  than  100  periods  per  second,  and  it  is  now  usual  to  work 
with  a  much  higher  frequency,  say  600  periods  per  second. 

If  continuous  ciurent  is  available  which  can  be  drawn  from  supply 
mains,  from  a  private  electric  lighting  circuit,  public  town  supply,  or 
from  ship  lighting  circuits  on  board  vessels,  then  we  may  employ  it 
to  drive  a  motor  generator,  producing  alternating  current  from  a  con- 
tinuous current.  One  good  plan  for  so  doing  is  to  use  an  ordinary 
four-pole  continuous-current  motor  with  an  armature  of  the  Gramme 
ring  type  and  the  usual  commutator.  From  two  points  at  the 
opposite  ends  of  a  diameter  of  the  armature,  connections  are  brought 
to  two  insulated  shp  rings,  fixed  on  the  shaft  of  the  motor.  When  a 
continuous  current  is  passed  into  the  motor  on  the  commutator  side 
in  the  ordinary  manner,  it  revolves,  and  we  can  draw  from  brushes 
pressing  against  the  sUp  rings,  an  alternating  current,  the  effective 
voltage  of  which  is,  however,  less  than  that  of  the  continuous  current 
supplying  the  motor.  Thus,  if  the  motor  is  driven  by  direct  current 
at  a  pressure  of  100  volts  and  makes  1200  revolutions  per  minute, 
we  can,  from  the  slip  rings  so  connected,  draw  off  an  alternating 
current  with  an  effective  voltage  of  70  volts  and  a  frequency  of  20 
periods  per  second.  By  the  use  of  a  four-pole  motor,  we  can  obtain 
a  frequency  of  100  when  the  motor  is  driven  at  a  speed  of  3000 
R.P.M. 

The  alternating  current  so  generated  can  be  led  to  an  alternating 
current  transformer  of  the  closed  iron  circuit  type,  and  by  means  of 
it  raised  in  pressure  to  20,000  or  30,000  volts.  A  suitable  form  of 
transformer  for  this  purpose  is  shown  in  Fig.  62,  made  by  the  British 
Electric  Transformer  Company.  Thus  if  the  transformer  has  a 
transformation  ratio  of  400  to  1,  we  can  by  means  of  it  produce  an 
alternating  current  having  an  electromotive  force  28,000  volts  from 
a  continuous  current  supply  at  100  volts.  For  laboratory  purposes, 
a  3-kilowatt  (kw.)  continuous  current  motor,  arranged  as  described, 
associated  with  a  2-kw.   step-up  transformer,   constitutes    a  very 


AND   BLECTHIC    OSCILLATIONS 


conveDient  arrangeoisDt.     Id  places    where  a  continuous   current 
cannot  be  obtained  to  drive  the  motor,  it  may  be  driven  as  a,  dynamo 


-!. 

sa 
ft 

"■« 

J  e 

n 

Ji 
J- 

P 

<  a 


or  alternator  by  means  of  a  pulley  and  belt,  by  a  small  oil  engine, 
thtu  making  an  arrangement  which  is  independent  of  outside  aid. 
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It  is  essential  that  the  high  voltage  transformer  should  be  an  oil 
insulated  transformer,  if  pressures  are  employed  higher  than  20,000 
volts,  as  the  oil  prevents  the  formation  of  brush  discharges  inside  the 
coils  which  would  in  time  destroy  the  insulation. 

When  pressures  higher  than  30,000  volts  have  to  be  employed 
it  is  better  to  join  a  number  of  separate  transformers  in  series.  Thus, 
for  instance,  to  obtain  alternating  current  at  a  pressure  of  120,000 
volts,  four  transformers  of  30,000  volts  or  six  of  20,000  volts  can  be 
arranged  with  their  secondary  coils  in  series.  In  this  case,  all  the 
transformers  must  be  exceedingly  well  insulated  by  being  placed  on 
stands  supported  on  strong  porcelain  oil  insulators.  In  experimenting 
with  alternating  currents  of  very  high  pressures,  supplied  by  trans- 
formers, and  alternators,  and  used  to  charge  large  condensers,  the 
greatest  precaution  must  be  taken  to  avoid  accidents  or  touching 
a  high-tension  wire,  as  the  result  would  in  all  probability  be  fatal. 
The  experimentalist  shotdd  himself  have  control  over  the  current 
exciting  the  transformers  or  exciting  the  alternator  supplying  them, 
and  should  disregard  no  precaution  necessary  to  ensure  safety. 
Means  should  also  be  taken  to  ascertain  the  frequency  of  the  current. 
This  can,  of  course,  be  done  at  once  by  counting  the  revolutions  of  the 
alternator  or  motor,  but  if  the  supply  of  alternating  current  is  obtained 
from  a  distance,  then  in  addition  to  the  voltmeters  and  ammeters, 
necessary  to  show  the  current  going  into  the  transformers  and  the 
pressure  at  which  it  is  supplied,  a  frequency  meter  ought  to  be 
provided. 

One  well-known  form  of  frequency  indicator  is  that  due  to 
Mr.  Campbell,  which  was  developed  from  a  principle  first  suggested 
in  1889  by  Professors  Ayrton  and  Perry.  This  instrument  depends 
upon  the  fact  that  if  a  light  steel  elastic  strip  is  fixed  over  an  alter- 
nating current  electro-magnet,  the  strip  will  be  set  into  strong 
vibration  if  the  frequency  of  the  alternating  current  agrees  with  the 
time  period  of  vibration  of  the  strip.  In  the  Campbell  Frequency 
Teller  a  steel  strip  is  pushed  forward  through  a  clamp  by  means  of  a 
rack  and  pinion,  the  pinion  carrying  an  indicating  needle  which  moves 
over  a  scale.  An  alternating  current  electro-magnet  is  placed  under 
the  strip,  and  the  time  period  of  vibration  of  the  strip  can  be  varied 
within  certain  limits  by  altering  the  length  of  the  strip  which  protrudes 
beyond  the  clamp.  As  long  as  the  time  period  of  the  spring  is  out  of 
agreement  with  that  of  the  magnet  current  the  spring  hardly  vibrates 
at  all,  but  if  the  pinion  is  turned  until  agreement  is  produced,  the 
strip  vibrates  vigorously  and,  striking  against  a  contact  point,  makes 
a  loud  noise. 

Many  other  forms  of  frequency  teller  have  been  developed  for 
practic6.1  use  in  connection  with  transformer  working,  but  they  nearly 
all  depend  upon  the  principle  above  explained. 

Another  form  of  such  resonance  frequency  teller  or  indicator 
which,  however,  is  not  much  used,  is  shown  in  Fig.  63.  In  this  instru- 
ment a  number  of  musical  reeds  such  as  are  used  in  organ-pipes  or 
harmoniums  are  fixed  in  a  row.  Each  reed  is  tuned  to  a  particular 
frequency,  and  the  whole  number  comprise  a  range  of  frequency 
extending,  say,  from  80's'  to  110^.  These  reeds  are  fixed  in  a  frame 
and  opposite  to  them  slides  an  electro -magnet,  the  coils  of  which  are 
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traversed  by  the  ourrent  the  frequency  of  which  is  to  be  measured. 
The  reeds  are  made  of  steel  spring,  and  hence  the  periodic  magnetic 
field  of  the  magnet  sets  them  in  motion.  Hence  if  the  alternating 
current  magnet  18  moved  along  the  rows  of  reeds,  when  it  comes 
opposite  to  a  reed  the  natural  period  of  which  agrees  with  the 
frequency  of  the  current  in  the  magnet,  this  reed  will  he  set  in 


Fig.  63. — Hartnuum  uid  Bcatm  BesoDaDoe  Frc(|uency  Meter. 

vigorous  vibration  and  emit  a  sound,  but  other  reeds  will  he  silent. 
Therefore  from  the  marking  above  each  reed  the  frequency  becomes 
at  once  known.      On  the  other  band,  each  vibrating  reed  may  have 
its  own  magnet,  the  coils  being  joined  in  series  and  the  reeds  tuned 
for  different  frequencies  over  a  certain  range.     Then  when  a  current 
of  a  certain  frequency  within  this  range  Is  passed  the  corresponding 
reed  is  set  in  vibration,  and  its 
movement    indicates    the     fre- 
quency.    The  external  appear- 
ance is  shown  in  Fig.  64. 

A  very  compact  form  of 
apparatus  for  producing  higb- 
pressore  high  frequency  oscilla- 
tions, employing  a  motor  and 
transformer  as  above  described, 
was  some  years  ago  described  by 
Professor  Elihu  Thomson.  The 
following  is  a  description  of  this 
apparatus:'^  A  small  continuous 
current  electric  motor  has  in  ad- 
dition to  its  ordinary  commutator 
apairof  slip  rings  OQ  the  shaft  and 
brushes  presetog  against  them. 
When  the  motor  is  run  in  the 
usnal  way  by  continuous  current, 
it  produces  an  alternating  current  at  the  shp-ring  brushes.  A  step-up 
traidformer  is  connected  to  these  brushes  and  raises  the  pressure  to 
20,000  volts.     The  shaft  of  the  motor  drives  also  an  insulating  frame 

"  Sbb  TV  EUclrician,  1889,  vol.  48,  p.  779  ;  also  Ths  Electrician,  vol.  44, 
p.  40.  See  Prof.  Elihn  Thomson  on  "  AppMatns  lor  obtaining  High  FrequanoieB 
ud  PrcMOre*." 
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with  metal  contact  pieces  on  it,  the  function  ot  which  is  to  connect 
together  alternately,  in  Beries  or  parallel,  a  set  of  glaes  condenser 
plates,  covered  with  tinfoil  (see  Fig.  65).  These  plates  are  charged 
once  in  each  revolution  with  the  secondary  terminal  voltage  of  the 
transformer,  but  the  contact  only  endures  for  a  short  time,  during 
which  the  potential  has  its  maximum  value.  During  the  next  part  of 
a  revolution,  the  condenser  plates  are  insulated  and  connected  in 
series  and  caused  to  discharge  across  a  spark  gap.  By  employing  in 
this  way  eleven  condenser  plates,  each  one  charged  at  20,000  volt^,  a 
waohine  was  constructed  which  gave  12-inch  sparks  in  ait  having  all 
the  properties  of  sparks  from  an  electrostatic  machine.  These  dis- 
charges, if  the  spark  gap  was  small  enough,  would  be  oscillatory 


The  moat  convenient  arrangement  when  large  power  is  not 
required  is  to  use  a  petrol  engine  direct  coupled  to  a  small  rotarj- 
converter  or  continuous  current  dynamo,  having  two  insulated  shp 
rings  on  the  shaft  connected  to  opposite  points  on  the  winding  of 
the  continuous  current  armature.  From  these  slip  rings  alternating 
currents  can  be  drawn  off  and  raised  in  voltage  by  a  transformer. 
■  For  some  years  past  the  author  has  possessed  in  his  laboratory 
Bucli  a  transformer  plant  for  producing  high  frequency  oscillations. 
This  consists  of  a  four-pole  continuous  current  motor  driven  at 
a  speed  of  1200  B.P.M. ;  tlie  motor  is  provided,  as  described  above, 
with  a  Gramme  ring  armature,  and  shp  rings  connected  to  two  oppo- 
site points  on  it,  hence  the  machine  produces  alternating  current  at 
a  frequency  ot  40.  This  is  passed  through  two  transformers  arranged 
in  cascade,  the  first  of  which  steps  up  the  voltage  from  about  70  to 
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400,  and  the  seoond  from  400  to  about  24,000  volts.  The  secondary 
terminale  in  this  last  transformer  are  connected  to  a  large  glasa  plate 
condenser,  the  capacity  of  which  can  be  varied  between  ^  and  ^47;  mfd. 
The  alternating  current  motor  is  d-kw.  size,  and  the  two  transformers 
2-kw.  size.  The  arrangement  is  capable  of  producing  very  powerfal 
electric  oscillations  in  suitably  arranged  circuits.  A  very  compact 
plant  can  also  be  formed  by  employing  a  small  oil  engine  h>  drive  an 
alternator  belt-coupled  to  it  and  associating  with  the  alternator,  as 
described,  a  step-up  high-tension  transformer.  This  forms  a  portable 
arrangement  for  producing  the  necessary  electric  oscillations  for 
wireless  telegraphy,  when  the  power  required  is  beyond  that  capable 
of  being  given  by  an  ordinary  induction  coil  (see  Fig.  G6). 


Id  Fig.  67  is  shown  in  outline  the  disposition  of  apparatus 
neceesary  for  such  a  transmitter  for  generating  trains  of  controlled 
oscillationa  in  an  earthed  antenna  or  aerial. 

Id  modern  alternator  plants  for  wireless  telegraphy  operating  on 
the  damped  wave  train  or  spark  system,  it  is  now  always  the  custom 
to  employ  an  Bltemator  having  a  frequency  of  300  to  500  or  perhaps 
600..  The  reason  for  this  will  he  explained  more  fully  in  a  later 
chapter.  It  is  dependent  on  the  fact  that  the  pitch  of  the  note  heard 
in  telephonic  receivers  now  used  is  determined  by  the  spark  frequency, 
and  it  is  found  most  easy  to  hear  these  telephonic  sounds  when  the 
spark  frequency  is  about  500.   Hence  when  an  alternator  is  employed 
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to  charge  condenserB  in  a  spark  transmitter  plant  it  is  usual  to  employ 
such  a  frequency,  and  to  drive  the  alternator  by  means  of  a  directly 
coupled  electric  motor  or  by  a  steam  or  petrol  engine. 

11.  Condensers  for  the  Production  of  Electric  Oscillations. — 
The  next  element  to  be  considered  is  the  condenser  in  which  the 
electric  charge  is  placed,  the  release  of  which  produces  the  high 
frequency  oscillations. 

In  this  connection  we  need  only  consider  the  construction  of 
condensers  suitable  for  very  high  pressures.  The  properties  of 
dielectrics  will  more  particularly  be  discussed  in  the  next  chapter, 
and  we  shall  here  merely  discuss  the  structure  of  high-pressure 
condensers. 

A  condenser  essentially  consists  of  a  pair  of  conducting  surfaces 
separated  by  a  dielectric,  and  the  familiar  Leyden  jar  presents  itself 
as  an  illustration.     There  are  not  many  solid  dielectrics  which  are 
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Fig.  67. — Arrangement  of  Power-plant  for  the  Production  of  Electric  Oscillatious 
and  Electric  Waves.  O,  oil  engine ;  A,  alternator ;  T,  transformer ;  S,  spark 
bsklls  ;  G,  condenser ;  L,  inductance ;  'p^  s,  oscillation  transformer ;  a,  antenna 
or  radiator ;  B,  battery  for  exciting  alternator  fields  :  K,  key. 

capable  of  being  used  for  charging  voltages  reckoned  in  thousands  of 
volts,  and  the  number  available  for  condenser  construction  is  still 
more  limited  when  questions  of  cost  and  internal  energy  loss  in  the 
dielectric  are  considered. 

Glass  of  certain  compositions,  ebonite,  mica,  and  micanite,  or  mica 
sheets  built  up  with  shellac,  almost  exhaust  the  list  of  solid  dielectrics 
suitable  for  very  high  pressures.  On  the  other  hand,  compressed 
gases  and  also  certain  insulating  liquids  can  be  usefully  employed  as 
dielectrics  in  the  construction  of  high-pressure  condensers.  Deferring 
for  the  present  a  further  consideration  of  dielectric  properties,  it  may 
be  said  that  glass,  micanite,  and  ebonite  constitute  almost  the  only 
available  commercial  solid  dielectrics  for  condenser  construction. 

Of  these,  English  flint  glass  is  by  far  the  best  material  to  use,  com- 
paring either  equal  bulks  or  equal  energy  storing  power,  but  it  is 
brittle  and  Hable  to  flaws.  Its  dielectric  constant  is  high  (from  5  to 
10),  but  its  dielectric  strength  is  inferior  to  that  of  good  ebonite  or 
micanite.     Ebonite   has  great  advantages   for  certain   quantitative 
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work,  as  its  dielectric  constant  is  constant  for  a  wide  range  of  fre- 
quency. Micanite  has  greater  dielectric  strength  than  either  glass  or 
ebonite,  but  its  dielectric  constant  varies  considerably  with  frequency. 

A  condenser  is  constructed  by  applying  sheets  of  flexible  metal  to 
the  two  surfaces  of  a  sheet  of  dielectric.  Usually  tinfoil  is  put  upon 
sheets  of  glass  or  ebonite  or  micanite,  or  the  glass  or  ebonite  may  be 
silvered  by  an  electrochemical  process  or  metallic  paint  put  upon 
it.  Otherwise  plates  of  thin  zinc  may  be  employed.  The  most 
usual  practice  is  to  stick  tinfoil  sheets  upon  glass  with  some 
adhesive  such  as  shellac  varnish,  siccotine,  or  isinglass.  In  the 
construction  of  high-tension  condensers,  no  adhesive  containing 
water,  such  as  gum  or  paste,  should  be  employed,  as  the  water  can- 
not evaporate.  A  thin  shellac  varnish,  made  up  with  absolute  alcohol 
or  anhydrous  methylated  spirit  or  wood  naphtha,  answers  well  for 
f;lass.  The  tinfoil  sheets  must  be  made  to  adhere  perfectly  to  the 
surface  of  the  dielectric,  and  care  taken  to  exclude  air-bubbles.  It  is 
much  more  difficult  to  secure  good  adherence  between  tinfoil  and 
ebonite,  but  the  shellac  solution  answers  well  with  micanite  as  the 
dielectric. 

If  glass  is  used  it  should  be  a  good  quality  of  flint  glass,  and 
should  be  absolutely  free  from  bubbles.     Any 
flaw  of  this  kind  is  a  weak  place  which  sooner 
or  later  gives  way. 

In  making  an  ordinary  Leyden  jar  a  con- 
siderable margin  (at  least  25  per  cent,  of  the 
height)  should  be  left  uncovered  with  tinfoil,  and 
this  bare  dielectric  should  be  well  varnished  with 
anhydrous  shellac  varnish.  The  method  of 
securing  contact  with  the  tinfoil  sm-faces  is  im- 
portant. The  outside  coating  of  the  jar  should 
be  embraced  by  a  brass  strap  with  a  terminal 
and  tightening  screw  (see  Fig.  68),  and  the  brass 
stem  should  end  in  a  screw  terminal,  and  should 
not  have  the  ordinary  chain,  but  be  provided 
with  spring  extensions,  which  press  tightly 
against  the  inner  tinfoil  surface.  The  object  is 
to  prevent  any  spark  at  these  contact  places, 
which  would  quickly  pierce  the  glass.  The  jars 
so  constructed  can  easily  be  joined  in  parallel  or 
series  by  the  aid  of  straps  of  thin  sheet  copper  or  stout  copper 


Pig.  68.—  Leyden  Jar 
with  Spring  Clips. 


The  Leyden  jar  should  always  have  its  capacity  measured  and 
marked  on  it,  expressed  in  fractions  of  a  microfarad.  Instrument 
makers  still  maintain  the  absurd  custom  of  denominating  Leyden  jars 
as  "  pint  size,"  ''  quart  size,"  or  "  gallon  size."  The  so-called  pint 
si^e  has  a  capacity  of  about  ^  microfarad,  and  the  so-called  gallon 
size  about  t^  microfarad. 

Glass  Leyden  jars,  as  usually  made,  will  stand  charging  with 
MfOOO  volts.  Hence  the  energy-storing  capacity  of  the  "  pint  size  " 
(being  equal  of  m\^)  is  about  0*28  of  a  joule  at  this  pressure,  or  nearly 
1^  foot-pound.  This  is  a  very  small  storage  compared  with  the  over- 
all bulk  of  the  jar. 
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A  more  satisfactory  form  of  condenser  for  many  purposes  may  be 
constructed  by  covering  flat  sheets  of  good  flint  glass  with  tinfoil  on 
both  sides.  The  tinfoil  sheets  should  be  cut  1  inch  smaller  each  way 
than  the  glass  plate.  The  glass  should  be  carefully  selected  and  free 
from  bubbles  or  flaws,  and  about  -j^  or  4  inch  (=3  mm.)  in  thickness. 

The  sharp  edges  should  be  taken  off  with  an  emery  wheel.  The 
tinfoil  is  then  stuck  on  with  shellac  varnish  and  the  margin  of  the 
plate  varnished.  Each  tinfoil  sheet  must  have  a  wide  tinfoil  lug 
attached  to  it,  and  the  lugs  on  opposite  sides  of  the  same  plate  must 
be  at  opposite  comers,  but  at  adjacent  corners  of  neighbouring  plates. 
Plates  should  be  prepared  like  right-  and  left-hand  gloves,  so  that 
when  piled  one  on  the  other  the  lugs  on  the  adjacent  condenser 
plates  fall  upon  each  other  (see  Fig.  69).  In  the  diagram,  for  the 
sake  of  clearness,  the  plates  are  shown  as  widely  separated.  In 
actuality  they  are  placed  close  together.  The  coated  plates  should, 
however,  be  prevented  from  coming  into  absolute  contact  by  discs  of 
card  stuck  on  to  the  tinfoil  by  shellac  varnish.  A  pile  of  any  number 
of  such  sheets  may  be  made,  and  when  bound  together  with  silk  tape 
may  be  placed  in  a  stoneware  or  ebonite  box  which  is  filled  up  with 


Fig.  69. — Diagram  showing  the  Mode  of  arranging  the  Coatings  of 

Condenser  Plates. 

vaseline  or  double-boiled  linseed  oil.  The  oil  prevents  electric  dis- 
charge over  the  edges  of  the  plates.  The  positive  lugs  are  then  all 
connected  to  one  terminal,  and  the  negative  lugs  to  another  terminal 
placed  on  the  lid  of  the  box. 

Glass-plate  condensers  of  the  above  form  can  be  made  without 
oil  insulation  if  the  glass-plate  margin  beyond  the  tinfoil  is  large 
enough,  but  the  use  of  oil  is  essential  for  very  high-tension  work. 

In  some  cases  glass  tubes  are  employed  coated  partly  outside  and 
partly  inside  with  tinfoil.  Test  tubes  silvered  inside  and  outside  for 
half  their  height  make  very  convenient  small  condensers. 

Thin  glass  has  a  higher  dielectric  strength  than  thick  glass,  and 
hence  nests  of  thin  tubular  glass  condensers  joined  in  series  have 
often  been  employed. 

Moscicki  has  suggested  the  use  of  glass  tubes  made  thicker  at  the 
ends  than  in  the  middle,  and  coated,  within  and  without  with  a 
deposited  silver  film  in  the  middle  portion  as  a  method  of  making 
condensers.     (See  Etufineering,  December  20,  1904,  p.  865.) 

An  account  of  Moscicki's  work  will  be  found  in  utlclairctge 
^lectrique  for  October,  1904  (vol.  41,  p.  14) ;  and  also  in  the  Electro- 
techimhe  Zeitschrifi,  Nos.  25  and  26,  June  23  and  30,  1904.  He 
came  to  the  conclusion,  as  the  author  and  others  had  done  long 
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previously,  that  glass  wae  the  moat  suitable  dielectric  for  high- 
pressure  condensers,  and  he  employed  it  in  the  form  of  glass  tubes 
Q-6  mu.  thick ;  but  these  tubes  were  thickened  up  at  the  ends,  as 
otharwise  be  found  they  were  perforated  at  the  edges  of  the  coatings 
by  a  voltage  which  the  central  portions  of  the  glass  could  easily 
BUBbain.  These  glass  tubes  are  coated  with  tinfoil  or  silver  by 
deposit,  the  foil  being  pub  on  with  turpentine  and  air-bubbles 
carefully  excluded. 

A  condenser  for  a  power  corresponding  to 
OS  kiloTolt  amperes  is  made  with  five  tubes  of 
glass  of  which  the  diameter  is  3  cms.  and  the 
thickness  of  wall  05  mm.  These  are  contained 
in  a  cylinder  of  glass  47  cms.  high  and  9  cms.  in 
diameter.  The  total  weight  varies  from  3  to 
3'5  kilogs.  (7  to  8  lbs.}.  Such  condensers  will 
stand  a  working  pressure  of  20,000  volts.  It 
is  claimed  for  these  cylindrical  condensers  that 
they  can  be  operated  at  a  higher  voltage  per 
millimetre  of  thickness  of  the  glass  than  flat 
plate  condensers,  and  do  not  fail  or  beat  on 
continuous  working,  and  that  with  an  alternat- 
ing current  having  a  frequency  of  50"  the 
dielectric  loss  or  loss  by  surface  discharge  does 
not  exceed  1  per  cent,  of  the  energy-stonDg 
capacity. 

-It  is  well  known  that  in  the  absence  of 
flaws  a  plate  cODdenser  or  Leydeu  jar  is  most 
usaatly  punctured  by  the  electric  strain  at  some 
place  Dear  the  edge  of  the  tinfoil  where  the 
electric  density  is  greatest.  Moscicki  states 
that  a  glass  condenser  plate  is  more  easily 
punctured  at  the  edges  of  the  tinfoil  when  it 
IS  immersed  in  insulating  oil. 

In  the  latest  form  the  Moscicki  condenser 
is  a  sort  of  narrow  glass  bottle  with  the  neck 
thicker  than  the  bulb  {see  Fig.  70).  This  is 
coated  witliin  and  without  with  a  chemically 
deposited  film  of  silver  overlaid  with  copper. 
The  inner  layer  is  connected  to  a  well- insulated 
terminal.  This  tube  is  enclosed  in  a  water-tight 
metal  tube,  and  the  inner  space  filled  in  with 
glycerine  and  water.  This  acts  as  a  coohng 
agent  and  makes  perfect  contact  between  the 
outer  metal  case  and  the  outer  silver  coating  of  the  jar.  Such  tubes 
are  then  assembled  in  batteries  of  any  required  capacity  (see  Fig.  71). 
They  are  all  tested  to  a  very  much  higher  voltage  than  that  at  which 
tbey  are  to  be  used. 

For  the  construction  of  condensers  intended  for  very  high  pres- 
Bures,  micanite  sheets,  -^  inch  or  2'd  mms.  in  thickness,  may  be 
employed  as  the  dielectric.  To  these  sheets  of  tinfoil  1  inch  smaller 
each  way  may  be  affixed  by  means  of  shellac  varnish,  and   the 


way 

I  pLt 


eo«ted  pLites  immersed  in  a  stoneware  or  ebonite  box,  filled  with 
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double-boiled  linseed  oil.  As  this  oil  does  not  disaolve  shellac,  a 
wooden  box,  well  coated  in  the  interior  and  with  all  joints  covered 
with  shellaced  paper,  may  be  employed  to  hold  the  oil. 

For  quantitative  purposes,  condensers  constructed  of  metal  plates 
placed  in  paraffin  oil  are 
to  be  preferred,  since  the 
dielectric  constant  of  par- 
affin oil  is  not  like  that  of 
glasB,  a  function  of  the 
frequency  (see  Chap.  II.). 
If  ebonite  is  used  as  the 
dielectric  the  difficulty  is 
to  make  the  tinfoil  stick  to 
the  ebonite.  The  adhesive 
called  aiccotine,  or  else 
iiidiarubber  solution,  may 
be  employed  for  this  pur- 
pose. The  author  has, 
however,  found  that  a 
better  plan  is  to  cut  sheets 
of  ordinary  tin-plate  in 
pairs  with  right-  and  left- 
handed  lugs,  and  pile  these 
together  with  sheets  of 
ebonite  interposed  on  the 
plan  just  described  for 
making  a  gloss-plate  con- 
denser. The  pUe  of  con- 
denser plates  must  be 
strongly  compressed,  bound 
together  with  silk  tape  and 
immersed  in  insulating  oil. 
In  some  cases  con- 
densers of  adjustable 
capacity  ore  required.  If 
only  small  capacities  are 
required,  this  may  be  pro- 
vided in  the  form  of  an  air 
condenser  with  flat  plates, 
which  can  be  moved  to 
or  from  each  other,  or  the 
plates  may  be  immersed  in 
some  liquid  dielectric,  such 
as  paraffin  oil  or  turpen- 
tine. 

A  convenient  form  of 
Fio.  71.— A  Batterj  of  Moscicki  Condensers.  sliding  condenser  consists 
of  a  thin-walled  cylinder 
of  ebonite,  closed  at  the  bottom  and  lined  within  up  to  an  inch  of 
the  top  with  a  closely  fitting  cylinder  of  metal.  The  outside  of  the 
cylinder  of  ebonite  is  also  covered  with  a  closely  fitting  cylinder  of 
metal,  and  the  arrangement  resembles  that  called  a  dissected  Leyden 
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jar.  By  drawing  the  outside  cylinder  more  or  leas  off  the  ebonite 
one,  the  capacity  is  reduced,  and  the  capacity  correaponding  to  various 
poaitioQS  of  the  outer  cylinder  can  be  marked  on  the  ebonite. 

Another  form  of  condenser  of  adjustable  capacity,  suitable,  bow- 
ever,  only  for  a  small  range  of  variation  and  for  a  small  capacity,  is 
made  as  follows : — 

In  a  glass  jar  or  ebonite  box  are  fitted  a  number  of  pairs  of 
quadrant-shaped  plates,  one  above  the  other.     These  resemble  the 
fixed  plates  in  a  Kelvin  multicellular  electrostatic  voltmeter.    All 
these  quadrant  plates  are  connected  together  and  to  one  terminal  on 
the  box.     la  the  centre  is  a  metat  rod  in  pivot  carrying  a  number 
of  paddle-shaped  metal  plates  which  are  spaced  aput  by  the  same 
distance  as  the  fixed  plates.     The  rod  is  so  held  that  the  plates  on 
it  are  interspaced  with  the  fixed  plates.     The  bos  is  filled  with  insu- 
lating oil.     When  the  movable  plates  are  turned  by  the  rod  so  as  to 
be  quite  within  the  fixed  plates,  they  form  with  these  last  a  condenser 
of  which  the  oil  is  the  dielectric. 
When  they  are  turned  so  as  to 
be  quite  apart  from  the   fixed 
plat«3,  the  capacity  is    greatly 
reduced.     If  the  rod  curies  a 
pointer   moving   over   a    scale, 
the  scale  can  he  calibrated  to 
show  the  capacity  of  the  two 
sets  of  plates  with  respect  to 
each    other    for    any    required 
positions  of  the  movable  plates. 
The  rod  is,  of  course,  connected 
by  some  form  of  spring  or  bear- 
ing   contact    with   the  second 
terminal  of  the  instrument  (see 
F'g-  72).  FiQ.  72._Vftri»ble  Cap&ailf  Air  or  Oil 

In  the  construction  or  selec-  Coudeiuei. 

tioa   of  condensers,   especially  * 

those  of  large  capacity  for  wireless  telegraph  purposes,  we  have  to  give 
due  weight  to  various  considerations.  We  liave  to  consider  questions 
of  dorahility,  energy  dissipation,  bulk,  and  cost.  The  ordinary  Leyden 
jar  is  simple  and  not  objectionable  where  small  capacities  alone  are 
concerned,  but  its  energy-storing  capacity  is  small  compared  with  its 
balk,  and  its  use  is  out  of  the  question  when  large  capacities  such  as 
1  or  2  microfarads  are  concerned. 

When  large  condensers  have  to  be  in  continual  use,  the  dielectric 
hysteresis  becomes  important,  and  also  any  tendency  in  the  dielectric 
to  •■  age "  or  become  brittle  by  long  use.  Glass  gives  some  trouble 
in  this  last  respect.  Bhonite  is  too  costly  to  oe  used  for  large 
capacities,  and  micanite  has  too  much  dielectric  hysteresis.  Hence 
attention  has  been  directed  to  the  use  of  air  as  a  dielectric. 

Owing  to  the  reUtively  small  dielectric  strength  of  air  at  normal 
preesores,  we  are  either  obliged  to  use  very  large  metal  plates  set  far 
apsrt,  or  else  to  employ  compressed  air  as  the  dielectric. 

Since  the  dielectric  strength  of  air  at  atmospheric  pressure  is  very 
newly  38,000  volts  per  centimetre  (see  Chap.  II.  §  6),  and  since  a 
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faotor  of  safety  of  at  least  5  or  6  should  be  used  to  avoid  considerable 
energy  loss  by  brush  discharge,  it  is  seen  that  if  we  wish  to  work  an 
air  condenser  at  a  voltage  of  100,000  volts,  the  plates  must  be  at  least 
20  cms.  apart.  It  will  be  shown  in  the  next  chapter  that  the  capacity 
in  microfarads  of  a  parallel  plate  condenser  of  which  the  plate  diameter 
is  large  compared  with  their,  distance  apart  can  be  very  roughly 
calculated  by  the  formula — 

.^    .       .     i.      7       surfatB  of  plate  in  square  ce^xtimetre» 

capacity  m  microfarads  =  — — — t. — tt^^ t 

'       ^  '^  47r  X  9  X  105  X  fl^ 

where  d  is  the  distance  of  the  parallel  plates  in  centimetres.  If, 
then,  c?  =  20  cms.,  we  should  require  a  total  positive  or  negative 
plate  surface  of  nearly  226  million  square  cms.,  or  22,600  square 
metres,  to  obtain  a  capacity  of  1  mfd.  This  means  that  two  square 
plates,  each  having  a  side  150  metres,  or  nearly  500  feet,  placed  20 
cms.,  or  nearly  8  inches,  apart  in  air  at  ordinary  pressure,  would 
have  a  capacity  of  1  mfd.,  and  would  stand  charging  to  a  pressure  of 
100,000  or  even  300,000  volts  without  sparking  across.  At  100,000 
volts  this  condenser  would  store  up  5000  joules  of  energy,  or  nearly 
4000  foot-pounds,  and  would  have  a  bulk  of  nearly  170,000  cubic 
feet.  This  is  at  the  rate  of  40  cubic  feet  per  foot-pound  of  stored 
energy.  A  glass-plate  condenser  for  the  same  capacity  and  voltage 
would  not  occupy  one-hundredth  part  of  the  above  volume. 

The  use  of  compressed  air  as  a  dielectric  presents  some  advantages. 

The  dielectric  strength  increases  almost  proportionately  to  the 
pressure.  Hence  if,  instead  of  employing  air  at  atmospheric  pressure 
as  the  dielectric,  we  compress  it  to  140  pounds  on  the  square  inch,  it 
attains  a  dielectric  strength  far  greater  than  that  of  glass.  Also  the 
dielectric  constant  is  slightly  increased. 

Moreover,  as  B.  A.  Fessenden  has  shown,  brush  discharges  are 
at  high  air  pressures  almost  abolished.  Accordingly  an  air  condenser 
can  be  advantageously  constructed  with  compressed  air  as  dielectric. 

Metal  plates  kept  at  a  small  distance  apart  are  enclosed  in  a 
strong  iron  vessel  in  which  air  can  be  compressed  under  10  or  12 
atmospheres.  Thus  Fessenden  states  (see  U.S.A.  Patent,  No.  793,777, 
applied  for  March  30,  1905,  or  The  Electrician,  1905,  vol.  55,  p.  795) 
that  in  air  at  175  pounds  pressure  per  square  inch  metal  plates 
0-083  inch  apart  will  withstand  without  sparking  a  voltage  of  27,500 
volts.  At  this  rate  an  air  condenser  of  1  mfd.  capacity  to  stand 
100,000  volts  could  be  contained  in  a  space  of  500  cubic  feet,  and 
would  not  exhibit  energy  loss  by  electric  brush  discharge  or  dielectric 
hysteresis  to  any  sensible  degree.  It  seems  evident  that  the  use  of 
compressed  air,  or,  better  still,  compressed  nitrogen  or  carbonic 
dioxide,  as  a  dielectric  for  condensers  will  be  found  to  possess  many 
advantages  in  constructing  high  voltage  condensers  at  reasonable 
cost  for  wireless  telegraph  power  stations.  In  large  radiotelegraphic 
stations,  where  space  can  be  obtained,  air  condensers  consisting  of 
plates  of  metal  suspended  in  the  atmosphere  several  inches  apart 
have  been  employed,  as  mentioned  in  a  later  chapter. 

12.  Osoillation  Transformers. — An  essential  part  of  the  arrange- 
ments for  producing  trains  of    electric  oscillations  by   condenser 
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discharge  is  the  inductive  circuit  which  is  placed  in  series  with  the 
condenser.  This  most  frequently  consists  of  one  circuit  of  an  air 
core  transformer  which  is  called  an  oscilMion  fransformer. 

Two  circuits  are  associated  together  inductively  by  being  wound 
over  one  another  on  some  support,  but  at  the  same  time  well  insulated 
from  each  other.  One  of  these  is  called  the  primary  and  the  other 
the  secondary  circuit.  The  primary  circuit  is  placed  in  series  with 
the  condenser  and  the  spark  ball  discharger,  this  constituting  the 
circuit  in  which  electric  oscillations  are  set  up  by  the  discharge  of 
the  condenser.  These  oscillations  induce  other  oscillations  called 
secondary  oscillations  in  the  secondary  circuit  of  the  oscillation  trans- 
former, and  if  the  secondary  circuit  has  a  larger  number  of  turns 
than  the  primary  circuit,  the  potential  difference  at  the  extremities  of 
the  circuit  of  the  oscillation  transformer  will  bQ  greater  than  at  the 
terminals  of  the  primary  circuit  in  a  certain  ratio. 

The  form  which  this  oscillation  transformer  takes  is  dependent 
upon  the  purposes  to  which  the  apparatus  is  to  be  applied.  One  well- 
known  form  of  oscillation  transformer  is  called  a  Tesla  Coil,  and  a 
description  of  this  coil  was  given  by  Mr.  Nikola  Tesia  in  a  lecture 
delivered  some  years  ago  before  the  Eoyal  Institution  in  London  (in 
February,  1892)  as  follows  ^  :— 

"  The  ooil  consists  of  two  spools  of  hard  rubher,  R,  R  (see  Fig.  73),  held  apart  at 
a  distance  of  10  cms.  by  bolts,  c,  and  nuts,  n,  likewise  of  hard  rubber.  Each  spool 
comprises  a  tube,  T,  of  approximately  8  cms.  inside  diameter  and  8  mms.  thick 
upon  which  are  screwed  two  flanges,  F,  F,  24  cms.  square.  The  secondary,  S,  S,  of 
the  beet  guttaperoha-covered  wire,  has  26  layers,  IQ  turns  in  each,  giving  for  each 
half  a  total  of  260  turns.  The  two  halves  are  wound  oppositely  and  connected  in 
series,  the  connection  between  both  being  made  over  the  primary.  This  disposition, 
besides  being  convenient,  has  the  advantage  that  when  the  coil  is  well  balanced — 
that  is,  when  both  of  its  terminals,  Tj,  T„  are  connected  to  bodies  or  devices  of  equal 
capacity — there  is  not  much  danger  of  breaking  through  to  the  primary,  and  the 
insolation  between  the  primary  and  the  secondary  need  not  be  thick.  In  using  the 
coil,  it  is  advisable  to  attach  to  both  terminals  devices  of  nearly  equal  capacity,  as, 
when  the  capacity  of  the  terminals  is  not  equal,  sparks  will  be  apt  to  pass  to  the 
primary.  To  avoid  this,  the  middle  point  of  the  secondary  may  be  connected  to 
the  primary,  but  this  is  not  always  practicable. 

**  The  primary  P,  P  is  wound  in  two  parts,  and  oppositely,  upon  a  wooden  spool, 
W,  and  the  four  ends  are  led  out  of  the  oil  through  hard  rubber  tubes,  <,  t  The 
ends  of  the  secondary  T,,  T^  are  also  led  out  of  the  oil  through  rubber  tubes,  t^,  ^i,  of 
great  thickness.  The  primary  and  secondary  layers  are  insulated  by  cotton  cloth, 
the  tfaictoess  of  the  insulation,  of  course,  bearing  some  proportion  to  the  differ- 
ence of  potential  between  the  turns  of  the  different  layers.  Each  half  of  the 
orimary  has  four  layers,  24  turns  in  each,  this  giving  a  total  of  96  turns.  When 
both  the  parts  are  connected  in  series,  this  gives  a  ratio  of  conversion  of  about 
1  :  3*7,  aod  with  the  primaries  in  multiple  1  :  5*4 ;  but  in  operating  with  very 
rapidly  alternating  currents,  this  ratio  does  not  convey  even  an  approximate  idea 
of  the  ratio  of  the  E.M.F.*s  in  the  primary  and  secondary  circuits." 

The  coil  is  placed  in  a  wood  or  ebonite  box,  which  is  filled  with 
double^boiled  Imseed  oil  or  highly  insulating  resin  oil,  or  else  with 
ordinary  fluid  high  flash-point  paraffin  oil,  and  the  coil  when  in  place 
mast  be  entirely  covered  by  the  oil.  The  coil  is  held  in  position  in 
the  oil  on  wooden  supports,  there  being  about  5  cms.  thickness  of 

^  See  Nikola  Tesla, ''  Experiments  with  Alternate  Currents  of  Hi^h  Potential 
and  High  Frequency/'  Journal  of  the  Institution  of  Electrical  Engineers^  1892, 
vol.  xxi.  p.  6!2. 
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oil  all  round.  Where  the  oil  is  not  specially  needed,  the  space  is 
filled  with  pieces  of  wood,  and  for  this  purpose  principally  the  wooden 
box  B  surrouDding  the  whole  is  used. 

In  oscillation  transformers  in  which  the  primary  circuit  18  traversed 
by  the  discbarge  of  a  condenser  and  a  secondary  circuit  is  inductively 
asaociated  witb  it,  tbis  latter,  if  in  many  turns,  becomes  the  seat  of 
very  high  electromotive  forces.     In  fact,  differences  of  potential 


amounting  to  many  hundreds  of  volts  may  exist  between  adjacent 
turns  of  the  secondary.  Hence,  verj'  good  insulation  is  required,  and 
it  has  lieen  found  that  no  form  of  secondary  winding  in  which  layers 
of  wire  are  wound  over  one  another  or  in  which  the  different  turns  of 
the  wire  are  in  close  contact  will  very  long  withstand  the  electric 
strain  without  failure  of  insulation. 

Hence  one  great  principle  in  the  construction  of  a  high  potential 
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high  frequency  induction  coil  or  oscillation  transformer  is  to  wind 
the  primary  and  secondary  circuit  in  single  layers,  the  turns  not 
toncbdng. 

This  may  be  achieved  in  the  following  manner.  The  primary 
circuit  consists  of  a  spiral  of  bare  copper  wire,  3  or  4  mms.  in 
diameter,  the  spiral  consisting,  say,  of  20  turns  wound  open  fashion 
round  a  mandril  7  or  8  cms.  in  diameter.  Within  this  spiral  is 
placed  an  ebonite  or  glass  tube,  the  walls  of  which  are  at  least  3  mms. 
thick  and  the  length  25  cms.  or  so.  On  this  glass  or  ebonite  tube 
is  wound  in  one  single  layer  a  much  finer  silk-covered  wire,  say, 
No.  26  S.W.G.  size  =  0-457  mm.  diameter.  The  turns  of  this  wire 
are  prevented  from  touching  each  other  by  winding  a  paraffined  silk 
thread  in  between  them,  or  by  winding  the  wire  in  a  groove  turned 
in  the  cylinder.  This  bobbin  may  be  placed  in  a  glass  or  ebonite  box 
full  of  double-boiled  linseed  oil  or  vaseUne  oil  free  from  water.  The 
coil  must  be  entirely  immersed,  and  the  ends  of  the  primary  and 
secondary  wires  must  be  brought  out  through  glass  or  ebonite  tubes 
which  have  their  lower  ends  well  under  the  oil. 

When  oscillatory  discharges  from  a  condenser  or  Leyden  jar  are 
passed  through  the  thick  spiral,  we  can  obtain  high  potential  high 
frequency  discharges  from  the  secondary  circuit. 

The  foUowing  is  a  detailed  description  which  has  been  given  by 
Professor  Elihu  Thomson  of  two  oscillation  transformers  of  the 
above  kind.  One  suitable  for  creating  30-inch  sparks  was  made  as 
follows  «• ; — 

The  primaiy  consisted  of  10  turns  of  wire,  made  up  of  two  No.  6 
copper  wires  wound  on  a  wooden  frame.  The  wires  were  wound 
side  by  side  in  notches.  This  coil  or  mandril  was  18  inches  long 
and  15*5  inches  in  diameter.  Its  resistance  was  00088  ohm  and 
inductance  0*9976  milUhenry. 

The  secondary  consisted  of  396  turns  of  insulated  wire.  No.  26 
B.  and  8.  gauge,  wound  as  a  single  layer  in  notches  on  an  ebonite 
frame,  the  wire  turns  being  spaced  apart  so  as  to  form  a  coil  18  inches 
in  length.  The  diameter  of  the  secondary  was  12  inches,  and  it  was 
placed  inside  the  primary.  The  total  length  of  secondary  wire  was 
1250  feet  and  weight  one  pound.  The  resistance  was  41*6  ohms  and 
inductance  25*2  millihenrys.  These  coils  were  immersed  and  sup- 
ported concentrically  in  a  vat  of  oil,  and  the  secondary  had  its 
terminals  carried  out  through  glass  tubes  to  spark  balls. 

Two  condensers  were  provided  for  creating  the  primary  discharges. 
They  consisted  of  two  boxes,  each  7  inches  by  15^  inches  inside  and 
17^  inchee  deep.  Each  box  contained  84  built-up  mica  sheets,  15 
inches  square  apd  0*075  inch  thick ;  42  of  these  were  coated  with 
tinfoil  10  Inches  by  11  inches  in  area.  The  effective  coated  surface 
of  each  plate  was  110  inches,  and  the  total  surface  4510  square  inches. 
The  capacity  of  each  condenser  was  0-03  mfd.  Hence  the  two  boxes 
afforded  a  total  capacity  of  0*06  mfd.  When  these  condensers  were 
charged  from  the  high-tension  terminals  of  an  alternating  current 
transformer  at  a  pressure  of  20,000  volts,  and  discharged  across  an 
air  gap  through  the  primary  circuit  of  the  above-described  oscillation 

**  See  Klihu  Thomson,  "  On  Apparatus  for  obtaining  High  Frequencies  and 
l*retBiire8.'*  The  Electrician,  November  8, 1899,  vol.  44,  p.  40. 
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transformer,  oscillatory  high  frequency  sparks  30  inches  in  length 
passed  between  the  terminals  of  the  secondary  circuit. 

An  oscillation  transformer  giving  64- inch  sparks  was  made  as 
follows : — 

The  primary  coil  consisted  of  15  turns  of  double  No.  6  S.W.G. 
copper  wire,  the  length  being  85  feet  of  wire  double  wound  in  an 
open  coil  28  inches  in  length  and  22  inches  in  diameter.  The 
resistance  of  this  primary  circuit  was  00147  ohm  and  inductance 
009  of  a  millihenry. 

The  secondary  bobbin  was  28  inches  long  and  17  inches  in 
diameter,  and  was  placed  inside  the  primary  coil.  The  wire  was 
No.  26  S.  W.G.  size,  about  225  lbs.  in  weight  and  2600  feet  in  length, 
and  wound  in  notches  on  an  ebonite  frame  in  580  turns. 

The  associated  condenser  consisted  of  mica  plates  covered  with 
tinfoil  and  arranged  in  oil  in  a  box.  Three  such  boxes  were  used, 
each  having  a  capacity  of  0*015  mfd.,  and  having  therefore  a  total 
capacity  of  0'045  mfd.  These  were  charged  by  an  alternating  current 
transformer  having  a  voltage  of  30,000  and  discharged  through  the 
primary  of  the  above-described  coil  across  an  air-gap.  A  blast  of  air 
was  kept  blowing  on  the  gaps  during  discharge  to  destroy  the  arc. 

In  some  cases  the  use  of  vats  of  oil  is  objectionable,  hence  for 
moderate  spark  lengths  it  is  desirable  to  dispense  with  oil  insulation. 
In  this  case  the  secondary  circuit  must  be  wound  on  one  layer  on  a 
glass  or  ebonite  tube.  If  guttapercha  covered  wire  is  used,  it  must 
be  covered  with  a  layer  of  well  shellaced  tape  to  protect  it  from  the 
action  of  light  and  air.  This  ebonite  tube  may  be*  placed  inside 
another  tube,  on  the  outside  of  which  the  primary  coil  is  wound 
in  a  few  open  turns,  or  the  primary  may  be  placed  inside  the  glass 
or  ebonite  tube  on  which  the  secondary  is  wound.  In  any  case 
the  ends  of  the  secondary  circuit  must  be  brought  out  at  opposite 
ends  of  the  tube  in  which  or  on  which  it  is  wound.  In  other  cases 
the  primary  circuit  forms  a  few  open  turns  of  much  larger  diameter 
than  the  secondary  circuit  (see  Fig.  74).  This  last  form  is  described 
as  the  **  loose  coupling  "  of  the  primary  and  secondary  circuits,  whereas 
when  the  primary  and  secondary  are  in  close  contact  the  arrangement 
is  called  "  close  coupling." 

In  any  case  the  primary  circuit  should  consist  of  a  few  turns 
of  wire  as  openly  spaced  as  possible,  for  the  sake  of  making  the 
inductance  low. 

Nothing  is  gained  by  using  a  primary  circuit  of  many  close  turns, 
because  the  increase  of  inductive  efifect  on  the  secondary,  due  to  an 
increase  in  the  number  of  primary  turns,  is  almost  exactly  annulled 
by  the  decreased  current  through  the  primary,  due  to  its  own  greater 
inductance.  This  matter  will  be  considered  more  in  detail  in  the 
next  chapter. 

Marconi  devised  for  wireless  telegraph  purposes  a  form  of  oscilla- 
tion transformer  in  which  the  two  circuits  are  of  heavily  insulated 
wire,  and  are  wound  over  one  another  on  a  square  or  round  wooden 
frame.  The  primary  circuit  consists  of  one  or  a  few  turns  of  a 
number  of  wires  in  parallel,  and  the  secondary  circuit  of  a  few  turns 
of  wire  in  series. 

In  some  cases  where  very  loose  coupling  is  required  the  primary 
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ftnd  BecoDd&ry  circuits  may  cooaiat  of  insulated  wire  wound  on  two 
square  frames,  the  primary  on  one  and  the  secondary  on  the  other, 
and  these  frames  may  be  placed  a  considerable  distance  apart 
(see  Rg.  75). 

The  fall  theory  of  oscillation  transformers  cannot  be  given  nntil 
the  subject  of  electric  resonance  has  been  considered,  but  meanwhile 
it  will  be  sufficient  to  caution  the  reader  that  the  ratio  in  which  a 
hicb  frequency  oscillation  transformer  transforms  eleotric  pressure 
is  by  no  means  in  the  ratio  of  the  number  of  turns.  The  oscillation 
transformer  must  in  some  of  its  forms  be  considered  as  a  transformer 
with  very  large  magnetic  leakage,  hence  only  a  small  portion  of  the 


Fio.  74. — OsoillMion  Transformer,  Primacy  and  Sacondaty  loosely  coupled, 

magnetic  flux  created  by  the  primary  circuit  is  linked  with  the 
secondary  circuit. 

Id  the  chapter  on  wireless  telegraphy  reoeivers,  we  shall  consider 
ihe  structure  of  certain  peculiar  forms  of  oscUlation  transformer  which 
hare  been  found  to  be  of  use  in  transforming  the  extra  high  frequency 
oaciltatioDS  produced  in  wires  by  the  impact  on  them  of  electric  waves. 

13.  General  Arrangement  of  ApparatDB  for  produoingEleotrlo 
OaoIUatloni  by  meanB  of  Condenser  Discharges.  Aro-Btoppers 
and  DiMSbaFgera.— Having  considered  the  principal  pieces  of  appa- 
ratus in  detail,  we  m^y  next  diBcuss  the  general  arrangements 
eoDTement  for  certain  classea  of  work  in  connection  with  the  pro- 
ductioo  of  trains  of  damped  electric  oscillations  and  electric  waves. 
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Wheo  no  very  grecit  power  is  required,  s&y  an  expenditure  up  to 
150  watts  or  so,  the  moat  simple  and  easily  mauaged  arraQKOuient 
is  a  10-inch  iaduction  coil  worked  off  secondary  cells,  actuated  either 
by  a  motor-driven  mercury  break  or  else  an  automatic  hammer  break. 
Since  the  above  coil  requires  10  amperes  at  16  volts  to  work  it  well, 
it  is  beet  to  work  it  with  8  to  10  storage  cella,  capable  of  giving 
10  amperes  for  4  or  5  hours.  These  cells  are  now  made  up  in  sets 
of  4  or  6  in  celluloid  boxes  contained  in  a  teak  case.  There  should 
be  a  double  pole  cut-out  or  fuse  wire  inserted  between  the  battery  and 
coil,  and  also  a  double  pole  switch,  so  that  if  the  hammer  break  sticks 


the  cells  will  not  be  overworked.  These  cells  can  be  charged  from 
any  continuous  current  lighting  circuit  through  resistances  or  lamps. 

The  condenser  attached  to  the  secondary  terminals  of  the  coil 
may  consist  of  Leyden  jars  or  an  ebonite  or  glass-plate  condenser 
in  oil. 

The  variable  iuductance  used  in  series  with  it  may  be  of  the 
pattern  shown  in  Fig.  12,  §  5,  of  Chapter  II.  A  special  spark  dis- 
charger with  balls  adjustable  for  distance  by  a  fine  screw  is  very 
oonTenient,  and  this  should  be  contained  in  a  wooden  or  metal  bos, 
so  as  to  shut  in  the  light  of  the  spark  and  reduce  the  noise.    The 
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circuit  of  the  condenser  may  also  contain  a  Tesla  coil  or  oscillation 
transformer,  and  we  can  then  draw  from  the  terminals  of  this  coil 
high  frequency  high  potential  discharges,  sparks  or  brushes.  An 
apparatus  of  this  kind  is  much  used  for  electro-medical  work. 

When  a  more  powerful  plant  is  required,  then  an  alternating 
current  transformer  must  be  employed.  This  may  be  of  any  size 
from  i^  kw.  output  upwards.  A  convenient  size  is  a  2-kw.  transformer, 
raising  pressure  from  140  to  20,000  volts,  adapted  for  a  frequency  of 
50.  Associated  with  this  is  a  motor-generator  consisting  of  a  four- 
pole  continuous  current  motor  with  Gramme  ring  armature  and  slip 
rings  on  the  shaft,  as  described  in  §  10  of  this  chapter.  This  machine 
may  be  of  d-kw.  size,  and  if  wound  for  200  volts  on  the  continuous 
current  side  and  a  speed  of  1500  B.P.M.,  will  give  alternating  current 
at  a  frequency  of  50  and  a  voltage  of  140  on  the  slip  rings. 

If  a  continuous  current  supply  is  not  available  to  drive  such  a 
motor  generator,  then  a  small  oil  engine  may  be  coupled  to  it  to  drive 
it,  or  else  the  engine  mav  be  employed  to  drive  a  suitable  small 
alternator  as  already  described. 

In  those  cases  in  which  larger  powers  still  are  required,  a  plant 
consisting  of  an  oil  or  steam  engine  driving  directly  or  by  a  belt  an 


Fig.  76. — ArraDgement  of  Apparatus  for  producing  Powerful  Electric  OscillatioDs. 
(Fleming.)  A,  alternator ;  T,  transformer ;  Hj,  H,,  choking  coils ;  Kp  K,  keys  ; 
C,  condenser ;  p,  «,  oscillation  transformer. 

alternator  giving  alternating  current  at  2000  volts  may  be  arranged. 
The  pressure  of  the  current  is  then  raised  by  transformers  to  20,000 
or  30,0CX)  volts.  In  this  case  the  transformers  should  be  oil-insulated 
transformers. 

When  low  resistance  transformers  of  large  size  are  employed  to 
chai|;e  condensers,  it  is  necessary  to  destroy  the  alternating  current 
Arc  which  tends  to  form  across  the  spark  balls  and  so  stops  the 
pfoduction  of  oscillations. 

This  me^j  best  be  accomplished  by  means  of  a  plan  devised  by  the 
author.*^  In  the  primary  circuit  of  the  transformer  T  (see  Fig.  76) 
are  placed  two  choking  coils,  H^,  H2,  or  inductances  in  series,  each 
consisting  of  a  long  bobbin  of  wire  standing  on  an  insulated  wooden 
dUb.  An  iron  core  for  each  coil,  E^  and  E2,  is  provided,  made  of  thin 
sheet-iron  stampings  like  a  transformer  core,  and  it  is  in  the  shape  of 
a  letter  £  (see  Fig.  76).     If  this  E-shaped  iron  is  let  down  into  the 

«*  8ee  British  Patent  Specification,  No.  3481  of  1901,  application  of  February  18, 
1901 ;  also  United  States  Patent  Specification,  No.  758,004,  application  of  April  8, 
190i/ 
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coil  it  gives  it  a  greatly  increased  inductance.  In  the  wooden  base 
there  is  a  transverse  piece  of  laminated  iron  which  completes  the 
magnetic  circuit  when  the  core  is  let  right  down.  Two  such  choking 
coils  are  joined  in  series  with  esich  other  and  with  the  primary  circuit 
of  the  transformer  T.  These  choking  coils  can  be  short-circuited  by 
keys,  K^  and  E2.  The  alternator  A  is  run  at  a  speed  required  to  give 
the  necessary  normal  primary  current  of  the  transformer,  and  both 
iron  cores  are  let  down  into  the  choking  coils.  Then  the  secondary 
circuit  of  the  transformer  T  is  short-circuited,  and  also  one  of  the 
choking  coils  Hg,  by  its  appropriate  key,  K2,  and  furthermore  the 
core  of  the  other  choking  coil  H^  is  raised  until  the  current  flowing 
through  it  is  not  more  than  the  full  load  current  of  the  transformer  T. 
In  the  next  place  the  secondary  terminals  of  the  high-tension 
transformer  are  connected  to  a  pair  of  spark  balls,  S,  and  to  a 
condenser,  C,  and  inductance  in  p  series,  which  last  may  consist  of 
the  primary  circuit  of  an  oscillation  transformer,  ps,  of  any  form. 

If  then  the  key  Kg  is  raised,  and  if  the  spark  balls  are  adjusted  at 
the  proper  distance,  it  will  be  found  that  no  spark  passes  when  the 
short-circuit  key  of  the  choker  is  up,  but  that  a  condenser  discharge 
takes  place  when  the  key  is  depressed.  The  reason  for  this  is  that 
when  both  choking  coils  are  operative  the  impedance  is  so  great  that 
no  current  can  flow  through  them  sufficient  to  create  much  secondary 
voltage  in  the  high-tension  transformer.  If,  however,  one  choker  is 
short-circuited,  then  the  impedance  is  so  far  reduced  that  the  trans- 
former receives  current  enough  to  create  a  secondary  voltage.  By 
adjusting  the  length  of  the  spark  gap  and  the  position  of  the  core  of 
one  of  the  chokers,  it  is  possible  to  make  this  spark  consist  wholly  of 
an  oscillatory  discharge  of  the  condenser,  and  not  have  superimposed 
upon  it  any  alternating  current  arc  discharge  directly  due  to  the 
transformer.  If  this  arc  discharge  is  not  suppressed  there  will,  be 
no  true  oscillatory  discharge  in  the  condenser  circuit  or  only  a 
feeble  one. 

The  reason  for  this  is  obvious.  As  long  as  the  arc  discharge 
continues,  the  secondary  terminals  of  the  transformer  are  reduced  to 
nearly  the  same  potential,  or  at  most  differ  by  a  few  hundred  volts. 
It  is  not  until  the  arc  is  stopped  that  the  spark  balls  come  up  to  a 
sufficient  potential  difference  to  give  a  fresh  charge  to  the  condenser, 
and  by  creating  a  discharge  across  the  gap  start  into  existence  a  fresh 
train  of  oscillations. 

Various  other  plans  have  been  suggested  for  destroying  the  arc 
discharge  whilst  permitting  the  condenser  discharge  to  take  place. 

Tesla  employed  a  powerful  magnet  placed  with  the  direction  of 
its  magnet  intorpolar  field  transverse  to  the  line  joining  the  spark 
balls.  The  pointed  field  poles  were  covered  with  some  non-conducting 
and  non-inflammable  material,  such  as  mica  or  porcelain.  This 
strong  magnetic  field  blows  out  the  arc  just  as  in  the  ordinary  electric 
tram-car  controller.  Another  plan,  due  to  Elihu  Thomson,  is  to 
employ  a  powerful  jet  of  air.  The  air  blast  is  applied  just  between 
the  spark  balls,  and  blows  away  the  arc  but  not  the  condenser  spark. 

A  third  plan,  proposed  by  M.  D'Arsonval,  is  to  construct  the 
discharger  with  the  spark  balls  at  the  extremities  of  metallic  arms. 
One  of  these  is  made  to  revolve  at  a  high  speed.     Hence,  the  arc,  if 
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formed,  is  broken  as  the  balls  separate.  The  condenser  is  then  again 
charged,  and  discharges  again  as  the  balls  pass  each  other,  but  the 
electric  arc  which  forms  at  that  instant  is  again  destroyed  as  the 
balls  move  apart.  A  somewhat  similar  arrangement  has  been  de- 
scribed by  Bobert  Grison.  A  shaft  has  on  it  four  arms  of  metal  each 
ending  in  a  ball.  It  is  caused  to  revolve  so  that  the  balls  at  the  arm 
extremities  pass  in  their  revolution  between  two  other  fixed  balls,  but 
just  not  touching  them.  The  condenser  in  series  with  these  two  last 
balls  is  then  discharged  four  times  every  revolution,  but  the  arc 
which  attempts  to  follow  is  at  once  extinguished.  The  high  speed 
rotating  dischargers  of  Mr.  Marconi,  which  are  described  in  detail  in 
Chap.  VII.  §  18,  effect  still  more  perfectly  an  extinction  of  the  arc 
discharge.  A  fourth  plan  is  to  employ  a  transformer,  as  made  by 
Leslie  Miller,  with  large  magnetic  leakage.  Hence,  as  soon  as  the 
condenser  is  charged  and  discharges,  and  the  true  arc  discharge 
created,  the  current  given  out  by  the  secondary  circuit  of  the  trans- 
former is  greatly  increased.  This,  owing  to  the  construction  of  the 
transformer,  causes  so  large  a  fall  in  potential  between  the  terminals 
that  the  arc  can  no  longer  be  maintained. 

This  extinction  of  the  alternating  current  arc  is  facilitated  by  the 
employment  of  curved  metallic  horns  instead  of  spark  balls. 

It  is  well  known  that  if  an  alternating  current  arc  is  formed 
between  such  horns,  the  arc  tends  to  rise  up  to  the  wider  part  of 
the  gap.  In  so  doing  it  gets  stretched  out  and  extinguished,  and  the 
process  is  assisted  by  the  upward  draught  of  air  caused  by  the  arc, 
and  this  can  be  furthermore  helped  by  putting  a  non-conducting 
porcelain  or  stoneware  chimney  over  the  horns  to  help  the  draught 
action. 

When  employing  only  small  powers,  the  spark  discharger  consists 
asoally  of  two  brass  balls,  1  or  2  cms.  in  diameter,  their  distance 
being  adjustable.  The  ordinary  sliding  rods  terminated  in  brass  balls, 
which  are  placed  on  induction  coil  secondary  terminals,  are  quite 
soitable  as  a  discharger  for  many  experiments,  and  even  for  wireless 
telegraphy.  For  larger  powers,  balls  of  some  more  refractory  material, 
such  as  cast  iron,  are  better. 

The  distance  of  these  discharge  surfaces  must  be  capable  of 
accurate  adjustment  by  means  of  a  screw.  As  the  noise  of  the 
oscillatory  spark  is  very  distressing  when  large  powers  are  being 
employed,  the  author  has  devised  a  plan  by  which  the  discharger  is 
contained  in  a  cast-iron  case  with  thick  walls.  A  peep-hole  glazed 
with  thick  plate  glass  is  provided,  and  also  stuffing  boxes  or  glands, 
through  which  are  passed  ebonite  rods  pierced  with  metal  rods,  by 
which  the  discharge  is  conveyed  to  balls  fixed  on  the  ends  of  the 
rods.     The  diagram  in  Fig.  77  shows  such  a  silent  discharger. 

The  discharger  will  only  be  silent  if  the  iron  case  has  very  thick 
walls  and  is  closed  perfectly  air-tight.  It  may  also  be  arranged  to 
contain  compressed  carbonic  acid  gas  or  nitrogen.  If  the  spark  is 
taken  in  compressed  air  or  other  gases,  the  spark  length  for  any 
given  voltage  is  almost  inversely  as  the  total  pressure.  Further 
reference  to  this  matter  is  made  in  the  next  chapter. 

One  difficidty  which  presents  itself  when  the  spark  is  taken  in 
a  dosed  vessel  full  of  air  is  the  chemical  production  of  oxides  of 
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Ditrogen  by  the  discharge.  These  vapours,  being  ooid,  cause  a  losB  of 
inaulfttion  by  coDdensing  on  the  iDsulatiDg  supports.  The  difficulty 
is  ODly  slightly  overcome  by  placing  quit^lime  or  caustic  potash  in 
the  interior.  A  better  plan  is  to  fill  the  vessel  once  for  all  with 
nitrogen  gas. 

This  can  be  prepared  sufficiently  pure  for  this  purpose  by  burning 
pieces  of  phosphorus  under  a  glass   bell  jar  standing  over  water. 


When  the  phosphoric  pentoxide  produced  has  disaolved,  the  residual 
gas  can  be  pumped  into  the  spark-ball  chamber,  provided  that  the  air 
has  previously  been  exhausted  from  it.  When  once  the  spark  box 
has  been  filled  with  nitrogen,  it  will  not,  if  air-tight,  require  further 
attention  for  some  time,  and  no  production  of  oxides  of  nitrogen  can 
take  place. 

Since  the  apparent  dielectric  strength  of  air  and  other  gases  is 
greater  for  thin  Savers  than 
for  thick  ones,  whilst  the 
spwk  resistance  per  unit 
.  of  length  is  less,  it  is  in 

some  cases  desirable  to 
employ  multiple  spark 
J  gaps,  that  is,  a  series  of 
discharge  balls,  so  that 
the  spark  is  out  up  into 
several  sparks.  These  can 
be  arranged  in  a  box,  and 
their  distances  adjusted 
by  a  screw  on  a  plan  sug- 
gested by  J.  S.  Stone  (see 
Fig.  78).  (See  United 
States  Patent,  No,  768,000,  applied  for  February  23,  1904.) 

Since  the  spark  balls  wear  away  with  the  discharge,  it  is  necessary 
to  make  some  arrangement  for  turning  them  round,  so  as  to  bring 
fresh  surfaces  continually  in  opposition. 

The  author  has  devised  a  special  form  of  enclosed  discharger  with 
rotating  balls,  which  can  be  worked  in  compressed  gases.  The  de- 
tailed description  of  this  discharger  is  given  in  a  later  chapter  of  this 
Ireatise. 

In  all  experimental  work  in  which  an  induction  coil  or  transformer 
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is  employed  to  charge  a  condenser,  subsequently  discharged  across  a 
spark  gap  to  produce  damped  oscillations,  it  is  a  great  advantage  to 
keep  a  steady  blast  of  air  impinging  upon  the  balls  and  the  gaps 
between  them.  Even  with  an  induction  coil  there  is  a  certain  amount 
of  arcing  between  the  balls,  that  is  to  say,  the  discharge  which  takes 
place  between  them  is  not  wholly  due  to  energy  coming  out  of  the 
condenser,  but  is  partly  due  to  energy  coming  directly  from  the  coil 
secondary  circuit  which  takes  the  form  of  an  arc. 

The  air  blast  extinguishes  this  arc  as  soon  as  it  is  formed,  and 
it  also  keeps  the  balls  cool  and  so  maintains  at  its  highest  value  the 
spark  potential  difference  corresponding  to  a  given  spark  gap  length. 
The  blast  of  air  can  be  conveniently  provided  by  a  Lennox  blower, 
or  rotary  fan  driven  by  a  small  electric  motor,  wMch  can  be  actuated 
by  any  ordinary  electric  supply  service.  An  air  blast  equal  to  a 
pressure  of  16  or  20  inches  of  water  can  thus  be  obtained,  and  this 
is  allowed  to  impinge  on  the  air  gap  by  means  of  a  glass  jet.  In  the 
case  of  larger  transformer  plants  a  higher  air  pressure  is  necessary 
to  quench  the  arc.  In  all  quantitative  experiments  an  air  blast  thus 
used  greatly  assists  in  keeping  the  discharge  current  constant.  We 
shall  further  discuss  the  action  of  dischargers  and  various  types  of 
them  in  a  later  chapter  when  dealing  with  rsbdiotelegraphic  appliances, 
and  the  reader  is  particularly  referred  to  Chap.  VII.  §  18,  for  a 
description  of  Mr.  Marconi's  high-speed  rotating  dischargers  for  long- 
distance radiotelegraphy. 

14.  The  Prodaotion  of  Undamped  OsoillationB  by  means  of 

the  Eleotric  Arc. — In  connection  vdth  investigations  on  high 
frequency  electric  currents  and  electric  oscillations,  it  was  very  early 
recognized  that  some  means  was  required  for  producing  undamped  or 
persistent  oscillations  of  a  much  higher  frequency  than  those  which 
can  be  conveniently  and  easily  generated  by  high  frequency  alternators. 
Remarkable  discoveries  in  connection  with  the  continuous  current 
electric  arc,  have,  however,  provided  one  solution  of  the  problem, 
and  enabled  us  to  produce  undamped  oscillations  of  a  frequency  and 
amplitude  useful  in  radiotelegraphy. 

They  have  at  the  same  time  given  the  means  for  accomplishing 
the  important  feat  of  transmitting  not  merely  signals,  but  articulate 
speech  by  means  of  electric  waves  to  a  distance.  A  point  of  departure 
in  this  matter  is  a  United  States  Patent  Specification,  No.  500,630, 
July  18,  1892,  filed  by  Professor  Elihu  Thomson,  describing  a 
method  for  the  production  of  undamped  or  persistent  electric 
oecillations  by  the  following  means.  One  or  two  coils  of  large 
inductance,  B  (see  Fig.  79),  are  placed  in  series  with  a  spark  gap 
across  continuous  current  mains,  and  the  spark  gap,  S,  is  shunted 
by  a  condenser,  C,  in  series  with  another  inductive  circuit,  L,  which 
may  be  the  primary  coil  of  a  high  frequency  transformer. 

The  continuous  voltage  may  be  supplied  by  a  storage  battery,  B, 
or  by  a  dynamo,  but  should  be  about  500  volts  or  more. 

An  air  blast  or  magnetic  field  must  be  used  to  extinguish  the 
continaous  current  arc. 

The  ninth  claim  of  the  specification  reads  as  follows  : — 

**The   method  of  obtaining  from  continaous  currents  or  currents  tending 
through   Belf-indnction  or   otherwise    to  remain   unchanged  or  resist  sudden 
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changes  of  value,  high  frequency  alternating  currentg  of  desired  periodicity, 
consisting  in  bridging  by  determinate  capacity  of  condenser  ftnd  a  determinate 
self-induction  coil  or  circuit  a  spark  gap  in  said  continuous  current  cicuit,  said 
spark  gap  being  adjusted  and  arranged  so  as  to  respond  to  the  desired  frequency 
substantially  as  set  forth."     ' 

In  the  above  specification  nothing  is,  however,  said  about  the 
employment  of  a  carbon  arc  instead  of  a  spark  gap,  but  Professor 
Elihu  Thomson  has  informed  the  author  he  had  observed  the  effect. 

It  is  somewhat  doubtful  whether  this  particular  arrangement  did 
or  can  produce  true  undamped  persistent  oscillations.  No  proof  of 
this  was  given  in  the  specification.  The  only  way  in  which  it  can 
be  proved  that  any  oscillations  are  persistent,  is  by  causing  them  to 
induce  high  voltage  oscillations  of  the  same  frequency  in  a  secondary 
circuit  containing  a  spark  gap,  and  then  examining  the  image  of  this 
induced  spark  in  a  rapidly  revolving  mirror.     If  the  oscillations  are 


Fig.  79.— Elihu  Thomson's  Method  for  the  Production  of  Continuous  Trains  of 
Electric  Oscillations.  B,  battery;  B,  R,  inductive  resistances;  S,  spark 
balls ;  0,  condenser ;  L,  inductance. 

persistent  the  image  will  be  drawn  out  into  an  unbroken  band  of 
light. 

In  the  absence  of  such  evidence  we  cannot  conclude  that  the 
oscillations  given  by  Elihu  Thomson's  method  are  truly  persistent, 
but  at  any  rate  credit  should  be  given  to  him  for  an  appreciation  of 
the  fact  that  a  continuous  electric  current  could  be  partly  converted 
into  high  frequency  oscillations  by  means  of  a  condenser  and  induct- 
ance shunted  across  an  arc  or  spark  produced  by  a  continuous 
current.*! 

At  a  later  date,  in  1906,  Mr.  S.  G.  Brown  devised  an  arrangement 
somewhat  similar,  which  also  was  claimed,  though  no  proof  was 
given,  to  produce  undamped  or  persistent  oscillations.42 

The  arrangement  was  as  follows : — 

A  disc  of  metal,  W  (see  Fig.  80),  preferably  of  aluminium,  is  fixed 
to  a  shafts  and  kept  in  slow  rotation  by  an  electric  motor.     Against  the 

*^  For  a  confirmation  of  this  see  the  remarks  made  subsequently,  in  1899,  by 
Prof.  Elihu  Thomson  in  an  address  to  the  American  Association  for  the  Advance- 
ment of  Science.  The  EUctridan,  September  22,  1899,  vol.  48,  p.  778.  '*  The 
Field  of  Experimental  Research." 

«  See  S.  G.  Brown,  Tlie  Electrician,  vol.  58,  p.  201, 1906.  "  On  a  Method  of 
producing  Continuous  High  Frequency  Electric  Oscillationa  " 
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edge  of  this  disc  a  copper  block,  G,  rests  pressing  lightly,  and  a  direct 
enrrent  under  a  pressure  of  about  200  volts  is  passed  through  a 
resistance  B^,  and  large  inductance  L^,  and  across  the  loose  contact 
between  the  block  and  the  disc.  A  condenser  E,  and  small  induc- 
tance, Lo,  in  series  are  also  joined  as  a  shunt  between  the  block 
and  the  disc.  When  the  direct  current  passes,  oscillations  of  hi^h 
frequency  are  set  up  in  this  condenser  circuit,  and  these  can  be 
transformed  up  or  down  by  an  oscillation  transformer.  We  cannot 
conclude,  however,  without  proof  that  this  method  produces  con- 
tinuous oscillations,  and  not  a  very  rapid  series  of  intermittent 
oBciUations.  The  only  convincing  evidence  that  any  method  pro- 
vides the  means  for  the  production  of  truly  persistent  undamped 
oscillations  is  afforded 
when  an  actual  measure- 
ment of  the  logarithmic 
decrement  shows  it  to 
have  a  zero  value,  and 
this  has  not  been  done 
either  for  Elihu  Thom- 
son's or  for  Brown's 
method. 

In  1900  Mr.  W. 
Duddell  read  an  interest- 
ing paper  before  the 
Institution  of  Electrical 
Engineers  of  London,  in 
which  he  showed  that 
if  a  condenser  of  suitable  capacity  and  an  inductance  are  connected 
in  series  with  their  terminals  attached  to  the  carbons- of  a  continuous 
current  arc  of  certain  length  and  current  formed  with  solid  carbons, 
the  arc  gives  forth  a  musical  note  of  high  pitch.^3 

Hence  an  arc  so  shunted  has  from  that  time  been  called  a 
muHeal  arc. 

The  pitch  of  this  note  was  found  to  vary  with  the  ca^city  and 
inductance  in  the  shunt,  but  these  have  to  be  both  moderately  large 
to  bring  the  note  within  audible  limits. 

The  same  creation  of  oscillations  in  a  condenser  and  inductive 
circuit  is  also  observed  in  the  case  of  a  metallic  arc,  that  is,  an 
electric  arc  produced  between  metallic  rods.  By  means  of  high 
tension  continuous  currents  producing  arc  discharges  between 
metallic  surfaces  in  vacuimi,  MM.  Simon  and  Reich  state  that  they 
have  been  able  to  produce  extremely  strong  oscillations  in  a  condenser 
placed  in  an  inductive  shunt  circuit  connecting  the  two  surfaces 
between  which  the  arc  discharge  takes  place.^ 

Mr.  Duddell  has  given  the  following  data  for  an  open  and 
enclosed  carbon  arc,  which  will  serve  as  a  guide  in  selecting  a  suitable 
capacity  and  inductance  for  producing  the  musical  arc. 


[/Reproduced  bjf  per misHon from  **  fhe  BLectridan.** 

Fig.  80. 


**  See  W.  Duddell,  '*  On  Bapid  Variations  in  the  Current  through  the  Direct- 
cnzrent  Arc,"  Journal  of  the  Institution  of  Electrical  Engineers,  1900,  vol.  80,  p. 
'"^    See  also  British  Patent  Specification,  W.  Duddell*  No.  21,629  of  1900. 

**  SeeLa  Bevue  Praetique  de  VilectridU,  April  20, 1904. 
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Data  fob  thb  Pboduotion  of  Musical  Abcb. 


Carbons,  both  solid 

Diameter  of  carbons 

Arc  length 

Arc  current , 

Resistance  in  series  with  the  arc  .     .     .     , 
Induction  of  shunt  across  carbons     .     .     . 

Resistance  of  shunt 

Capacity  of  condenser 

B.M.S.  value  of  current  through  condenser 


Open  arc 
Conradty  carbons 
9  mm. 

1*5  mm.  .  .  • 
8*5  amps .  .  . 
42  ohms  .  .  • 
5*8  miUihenrys  . 
0'41  ohm.  .  . 
1*1  to  5*4  mfds. . 
8  amps.    . 


Enclosed  arc. 
Electra  carbons. 
18  mm. 
1  mm. 
5  amps. 
26  ohms. 
5*8  millihenrys. 
0*41  ohm. 
1*1  to  5*4  mfds. 
4*5  amps. 


The  production  of  this  effect  is,  however,  subject  to  certain  condi- 
tions. The  arc  A  must  be  formed  by  the  electromotive  force  of  a 
secondary  battery  or  other  steady  generator,  and  a  resistance,  E  (see 
Fig.  81),  must  be  placed  in  series  with  it.     The  inductive  resistance 
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Fio.  81. — Arrangements  for  producing  Duddell's  Musical  Arc.    B,  battery ; 
R,  resistance ;  A,  carbon  arc ;  C,  condenser ;  L,  inductance. 

L  placed  a  shunt  to  the  arc  must  be  a  low  resistance — generally 
speaking,  something  less  than  1  ohm.  The  condenser  G  employed 
should  be  one  suitable  for  high  potential,  as  although  the  impressed 
electromotive  force  on  it  is  only  50  volts,  the  action  of  resonance  (see 
Chap.  III.)  creates  a  potential  difference  between  its  plates,  which  at 
moments  rises  to  several  hundred  volts,  and  hence  a  thin  paper  con- 
denser may  break  down. 

One  explanation  put  forward  as  an  explanation  of  this  effect  on 
its  discovery  was  that  it  essentially  depends  upon  the  existence  of  a 
negative  resistance  in  the  arc,  and  that  the  frequency  which  can  be 
obtained  is  limited  by  the  arc  itself.  We  shall  present  the  outlines 
of  this  theory  first,  as  proposed  by  Mr.  Duddell  and  supported  by 
some  others. 

Suppose  a  small  instantaneous  change,  dN,  is  made  in  the 
potential  difference  of  the  electrodes,  whether  carbon  or  metal, 
between  which  the  arc  is  formed,  and  let  the  corresponding  small 
change  in  the  current  through  the  arc  be  denoted  by  dk.  Also  let 
the  resistance  of  the  inductance  in  series  with  the  condenser  be 
represented  by  r.  The  theory  advocated  by  Mr.  Duddell  is  that  the 
conditions  for  the  production  of  high  frequency  alternating  currents 
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or  oscillations  in  the  condenser  circuit  are  that  -—   must  be  nefi[atiye 

(lA 

in  sign,  and  must  be  numerically  greater  than  r.     A  negative  value  of 

—    implies  that   the   current   through    the   arc  must  vary  in   the 

opposite  sense  to  the  potential  difference,  that  is,  the  current  must 

increase  as  the  potential  difference  decreases,  and  vice  versd,    Messrs. 

dW 
Frith  and  Bogers  have  experimentally  determined  the  value  of  -r^ 

(which  they  call  the  resistance  of  the  electric  arc)  for  various  arcs 

dV 
made  with  cored  and  solid  carbons,  and  they  found  that  whilst  — . 

uA 

was  always  positive  for  cored  carbons,  it  was  negative  when  both 

carbons  were  solid  and  was  as  small  as  — 2  ohms  for  a  4-ampere  arc 

between  solid  carbons.^    As  the  resistance  of  the  inductive  coil  in 

series  with  the  condenser  can  easily  be  made  less  than  2  ohms,  the 

two  criteria  can  be  satisfied. 

The  operations  taking  place  may  be  stated  generally  in  the  follow- 
ing manner.  If  a  condenser  in  series  with  an  inductance  of  low 
resistance  is  placed  as  a  shunt  across  the  arc,  the  first  effect  is  to  rob 
the  arc  of  some  current  to  charge  the  condenser.  This  action,  how- 
ever, does  not  decrease,  but  increases  slightly  the  potential  difference 
of  the  carbons.  Hence  the  condenser  continues  to  be  charged. 
When  the  charge  is  complete,  the  current  through  the  arc  is  again 
stationary,  and  the  condenser  at  once  begins  to  discharge  back 
through  the  arc.  This,  however,  increases  the  current  and  decreases 
the  potential  of  the  carbons,  hence  the  action  proceeds  until  the 
condenser  is  discharged.  The  process  then  repeats  itself  regularly. 
The  whole  action  is  exactly  analogous  to  that  by  which  the  resonance 
of  the  colunm  of  air  in  an  organ  pipe  controls  the  operation  of  the 
jet  of  air  issuing  from  the  mouth  of  the  pipe  and  impinging  against 
the  sharp  edge  of  the  upper  lip,  and  so  maintains  the  sound  as  long 
as  the  current  of  air  is  suppliecL.  Mr.  Duddell  found  that  the  direct 
current  arc  between  cored  carbons  would  not  produce  this  effect. 
Also  he  found  that  in  the  case  of  arcs  between  metal  surfaces  the 
arc  was  even  more  readily  extinguished  by  shunting  the  arc  with  a 
condenser  than  in  the  case  of  a  solid  carbon  arc.  He  also  found 
that  there  were  limits  to  the  production  of  the  oscillatory  currents  by 
the  carbon  arc,  but  that  it  worked  well  as  a  transformer  of  continuous 
current  to  electric  oscillations  when  the  condenser  and  inductance 
were  so  adjusted  that  the  frequency  lay  between  500  and  10,000. 

The  physical  conditions  to  be  fulfilled  for  this  transformation  to 
take  place  have  also  been  set  out  mathematically  by  M.  Janet  as 
follows.** 

Let  C  be  the  capacity  of  the  condenser,  L  the  inductance,  and  r 
the  resistance  of  the  coil  in  series  ¥dth  it  placed  as  a  shunt  across 
the  arc.    Let  B  be  the  larger  resistance  placed  in  series  with  the  arc, 

•*  See  Proc,  Phys.  8oc.  Land,,  1896,  vol.  xiv.  p.  807  ;  or  Phil.  Mag,,  1896,  vol. 
42,  aer.  v.  p.  407. 

*•  See  P.  Janet  on  **  Duddell's  Musical  Arc,"  CompUi  Bendus,  1902,  vol.  13t^ 

p.  821. 
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and  E  the  electromotive  force  of  the  working  battery.  Let  i  be  the 
instantaneous  value  of  the  current  flowing  through  E,  ii  that  through 
the  arc,  and  i^  that  through  the  condenser.  Then  if  an  alternating 
current  is  set  up  and  established  in  a  permanent  state  in  the 
condenser  circuit  it  has  a  certain  frequency,  n.  Let  p  =  ^n  as 
usual. 

Experiment  shows  that  the  current  through  the  arc  is  also 
fluctuating,  and  consists  of  a  periodic  current  superimposed  on  a 
steady  current.  Therefore  the  current  coming  out  of  the  battery 
must  be  of  the  same  nature.  Let  Iq  be  the  value  of  this  steady 
current.    Then — 

i  =z  Iq  + I  sin  pt (27) 

where  /  is  the  maximum  value  or  amplitude  of  the  periodic  part  of 
the  current  through  the  resistance  E.  It  is  also  assumed  that  the 
frequency  of  the  current  through  the  condenser  is  the  natural  frequency 

of  the  condenser  and  inductive  shunt.      Therefore  n  =    —  - or 

27r^/GL 

p^  =  r\t'    T^s  circuit,  therefore,  acts  as  if  it  were  non-inductive,  since 

the  relation  between  its  inductance  capacity  and  frequency  is  that 
under  which  the  inductance  annuls  the  capacity. 

The  main  current  thus  consists  of  a  continuous  part  and  an  alter- 
nating part.  The  current  through  the  arc  is  of  the  same  type,  whereas 
the  current  through  the  condenser  shunt  circuit  is  purely  alternating. 
If  r  is  the  resistance  of  the  inductive  shunt,  and  i^  is  the  current  through 

it,  then,  corresponding  to  the  frequency  7i  = -——f  the  potential 

27rYCL 

difference  of  the  ends  of  the  inductive  shunt  must  be  equal  to  ri^y  since 

then  the  inductance  is  annulled  by  the  capacity.     Hence  this  must  be 

equal  to  the  electromotive  force  represented  by  the  periodic  part  of 

the  main  current,  which  is  numerically  equal  to  E/sio  pt    Accordingly 

we  have — 

E  _  . 
$2  =     /  sin  pi 

Again,  if  «;  is  the  difference  of  potential  of  the  carbons  forming  the 
arc  at  any  instant,  and  E  is  the  constant  E.M.F.  of  the  working 
battery,  we  have  also — 

2;  =  E  —  E» 
or  substituting  the  expression  for  i  above  given,  we  have — 

t;  =  E  — E/o  — E/sinj9^ (28) 

E 

But    12=  - 1  sin  pt 

V 

also  the  current  /^  through  the  arc  is  the  sum  of  the  current » through 

the  main  resistance  and  the  condenser  current  I'g.     Hence — 

.        ... 
*i  =  '  +  H 

Therefore     i^  =  Iq +^^  I  mi  pt (29) 
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Differentiate  (28)  and  (29)  with  respect  to  time  and  take  the 
quotient.     We  have  then — 

-  =  —  B^coB|7^  and-^  =  — ' — Ip  cospt 

Hence     |?  =  -^ (30) 

(ill  H  +  r 

fiv 
If  B  is  large  compared  with  r,  the  value  of  --p-  approximates  to  r. 

Hence  the  condition  for  the  establishment  of  permanent  oscillations 
in  the  condenser  circuit  having  a  frequency  n  =  - — -r=^i8  that  the  sign 

of  ~T7  must  be  negative^  and  its  value  numerically  equal  to,  or  greater 

I 
than,  that  of  the  ohmic  resistance  of  the  shunt  circuit.  Janet,  there- 
fore, arrives  at  a  conclusion  as  to  the  essential  conditions  for  the 
production  of  the  musical  arc  which  is  identical  with  that  reached  by 
Doddell.  The  same  result  has  been  reached  by  Mr.  Duddell  in 
another  manner  by  showing  that  with  the  above  conditions  (viz. 

—  negative  and  equal  to  or  greater  than  v)  the  energy  wasted  as  heat 
d%i 

in  the  inductive  circuit  is  recouped  during  each  half  period  by  the 

energy  given  to  it.     Hence  the  oscillations  are  maintained.^^ 

The  high  frequency  oscillations  do  produced  can,  of  course,  be 
transformed  up  to  higher  potentials  by  using  a  Tesla  coil  or  oscillation 
transformer  and  placing  the  primary  circuit  in  series  with  a  condenser 
as  a  shunt  across  the  arc. 

We  are  thus  able  to  cause  a  source  of  continuous  current,  such  as 
a  secondary  battery  or  dynamo,  to  expend  part  of  its  energy  in  creating 
continuous  or  maintained  electric  oscillations  of  high  frequency  in  a 
condenser  and  inductive  circuit. 

Several  Italian  physicists,  however,  disagree  with  Duddell  and 
Janet  as  to  the  statement  of  the  laws  governing  the  frequency  of  the 
oscillations.  Thus,  A.  Banti  has  asserted  {Elettricista,  January  12, 
1903,  vol.  12,  p.  1)  that  with  a  condenser  of  1  mfd.  and  an  extremely 
small  inductance  (merely  a  connecting  wire)  a  frequency  of  120,000 
may  be  obtained.^  Banti  says  (ioc,  rit.)  that  the  frequency  is  not  the 
same  when  the  inductance  and  capacity  are  varied  inversely  as  one 
another.  Thus,  with  an  inductance  of  0-048  henry  and  capacity  of 
1  mfd.,  the  frequency  is  13,000.  With  an  inductance  0*012  h.  and 
capacity  4  mfds.  it  is  8500,  whilst  with  0<X)3  h.  and  16  mfds,  it 
is  2750,  whereas  if  the  frequency  of  the  oscillations  was  entirely 

determined  by  the  formula  n  =«=  — y-^=-,  the  frequency  should  have 

been  in  all  cases  the  same,  since  the  quantity  \/0L  is  preserved 
constant. 

*'  See  he  eit.,  "  On  Rapid  Variations  in  the  Current  throngh  the  Direct 
Cnmnt  Ate,"  Appendix  II.,  Journal  ofthe-InsL  Elee,  Eng,,  vol.  80,  p.  262. 
*•  See  also  Sdtnoe  Ahitraets,  1908,  voL  6,  A.,  p.  387. 
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Duddell,  however  (see  a  letter  in  The  Electrician,  1903,  vol.  51, 

dv 
p.  902),  has  contended  that  since  the  value  of  -jr  for  the  arc  with 

solid  carbons  is  not  negative  for  frequencies  as  high  as  100,000, 
oscillations  cannot  be  then  created  in  the  shunt  circuit,  and  that  the 
statements  made  concerning  very  high  frequencies  are  erroneous. 
In  the  same  letter  Duddell  points  out  that,  since  the  full  expression 
for  the  frequency  of  the  oscillations  in  an  inductive  circuit  having 


vm.- 


E2 


capacity  and  resistance  is  given  by  »  =        ^^      ^^    it  follows  that 

the  frequency  will  be  determined  by  the  current  through  the  arc, 
since  the  current  is  a  function  of  the  resistance  of  the  arc.  Numerical 
values  are  not,  however,  given  in  confirmation  of  this  opinion. 

The  reader  may  be  referred  to  the  following  sources  for  additional 
information : — 

M.  La  Bosa,  Nuovo  Cimmto,  Jan.  1904,  vol.  7,  p.  5,  **  On  Duddell's 
Currents."    See  also  Science  Abstracts,  190^,  vol.  7,  A.,  p.  456. 

The  above-named  author  states  that  his  result  shows  that  the 
actual  condenser  current  is  asymmetric.  Its  amplitude  was  deter- 
mined by  a  Braun  vacuum  tube.    He  concludes  that — 

(i.)  The  amplitude  of  the  oscillatory  current  is  independent  of  the 
resistance  of  the  shunt  circuit  until  this  reaches  2*5  ohms,  when  the 
oscillations  cease. 

(ii.)  The  change  in  amplitude  with  inductance  does  not  follow  any 
simple  law. 

(iii.)  When  the  main  current  is  small,  the  amplitude  of  the  shunt 
current  tends  to  vary  inversely  as  the  square  root  of  the  inductance, 
and  inversely  as  the  cube  root  of  the  capacity. 

Gorbino  haB  studied  the  singing  arc  by  stroboscopic  methods. 

See  Atii.  deU\  Assoc,  Eleftr.  Ital,  1903,  vol.  7,  p.  369,  also  p.  597 ; 
or  Science  Abstracts,  1904,  vol.  7,  A.,  p.  537. 

He  says  the  current  in  the  shunt  circuit  is  not  sinusoidal,  and  that 
this  may  be  proved  by  using  a  Braun  cathode  ray  vacuum  tube. 

Hence,  the  formula  „ — -,=--  is  not  strictly  applicable  for  determining 

the  frequency.  Gorbino  deduces  an  equation  for  the  shunt  current 
12  in  terms  of  the  constants  and  the  main  current  /  as  follows : — 

A  very  full  examination  of  this  subject  has  been  made  by  Maisel 
(Physik-alische  Zeitschrift,  Sept.  1,  1904).*©  He  contends  that  it  has 
been  shown  by  Wertheim  Salomonson  that  a  singing  arc  may  produce 
oscillations  having  a  frequency  as  high  as  400,000,  and  that  the  latter 

*•  See  also  L'J^lairage  £!lectrique,  1904,  vol.  41,  p.  186,  for  a  Frenoh  epitome 
of  Maisers  paper. 

In  The  Electrician,  vol.  61,  p.  752,  will  be  found  a  letter  from  I.  Wertheim 
Salomonson  referring  to  his  paper  in  the  Proceedings  of  the  Royal  Academy  of 
Amsterdam  on  the  effect  of  variation  of  current  strength  on  the  pitch  of  the  note 
of  the  singing  arc. 
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observer  has  photographioally  registered  a  frequency  as  high  as 
135,000.  Also  Maisel  says  that  Gorbino  has  shown  that  the  current 
in  the  condenser  circuit  is  not  sinusoidal,  and  not  even  symmetrical, 
and  that  the  work  of  Salomonson,  Ascoli,  and  Manzelti  has  shown 
that  the  frequency  of  the  oscillations  in  the  condenser  circuit  cannot 

be  calculated  by  the  simple  formula  >*  =  „  — /-^-^  • 

Maisel  bases  his  views  upon  the  theory  of  the  electric  arc 
developed  by  Mitkiewiez  (see  Russian  Journal  of  Physics  and  Chemistry, 
1903,  pp.  507  and  675)  and  by  J.  Stark  (Ann,  der  Fhysik,,  1903,  vol.  12, 
p.  673).  According  to  this  theory  (which,  however,  was  originally 
suggested  by  the  author  of  this  book  in  1899),  the  phenomena  in  the 
arc  very  much  depend  upon  the  thermal  condition  of  the  negative 
pole.^  The  discharge  cannot  pass  if  the  temperature  of  the  negative 
pole  falls  below  a  certain  limit.  If,  then,  we  connect  a  condenser 
and  inductance  as  a  shunt  across  the  arc,  the  first  effect  is  to  rob 
the  arc  of  current.  This  causes  a  fall  of  temperature  in  the  electrodes, 
and  finally  an  extinction  of  the  arc.  If,  however,  the  temperature  of 
the  negaSve  terminal  has  not  fallen  below  a  certain  point,  the  arc 
relights  itself  again  as  soon  as  the  condenser  is  charged,  and  the  con- 
denser dischai^es  through  it.  Maisel  contends  that  stroboscopic 
observations  have  shown  that  this  extinction  of  the  arc  takes  place. 
He  states  that  he  has  also  produced  the  phenomenon  of  the  singing 
arc  with  iron  terminals  and  with  mercury  and  carbon,  as  well  as 
mercury  and  iron,  and  he  gives  diagrams  of  current  curves  taken  with 
a  Braun  tube  which  show  that  the  current  variation  is  not  sinoidal. 

He  contends  that  the  sign  of  the  slope  of  potential  in  the  arc  has 
no  importance,  and  that  the  singing  arc  can  be  obtained  with  any 
electrodes  and  any  frequency,  and  that  this  frequency  cannot  be 
calculated  simply  from  the  inductance  'and  capacity  in  the  shunt 
circuit.  On  the  other  hand,  all  Maisel's  observations  were  made 
with  a  shunt  circuit,  having  a  capacity  of  3*4  mfds.  and  an  inductance 
of  3'4  X  10^  cms.  Hence  the  natural  time  period  of  the  oscillating 
circuit  was  0*0007  second,  which  is  a  frequency  less  than  the  value 
10,000  given  by  Duddell  as  critical. 

In  a  subsequent  paper  {Fhysikalische  Zeitschriftf  Jan.  15,  1905) 
S.  Maisel  attempts  a  general  theory  of  the  production  of  undamped 
trains  of  electrical  oscillations.  He  assumes  the  possession  of  a  con- 
ductor which  rigidly  obeys  Ohm*s  law,  but  has  the  property  that  no 
current  flows  through  it  when  the  electromotive  force  falls  below  a 
certain  value,  and  that  the  restoration  of  the  current  requires  a  high 
electromotive  force.  There  are  many  forms  of  conductor  which 
comply  with  these  conditions,  e^g.  a  vacuum  tube,  the  mercury  vapour 
lamp,  as  well  as  the  electric  arc.  The  author  works  out  a  complete 
mathematical  theory,  and  shows  that  when  such  a  conductor  is  a 
shunt  to  a  condenser  in  series  with  an  inductance,  a  battery  or  source 
of  steady  E.M.F.  will  create  oscillations  in  the  condenser  circuit. 

**  See  J.  A.  ncming,  Proc.  Boy.  Soe,  Lond,,  1890,  voL  47,  p.  118,  "  On  Eleotric 
DkehArge  between  Electrodes  at  Different  Temperatores  in  Air  and  High  Vacua  " ; 
alio  Prtfc  Roy.  InstUulion  of  QL  Britain,  1890,  vol.  xiii.  p.  84,  **  Problems  in  the 
Phjrics  of  an  Electric  Lamp.'* 
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These  different  opinions  are  to  some  extent  reconcilable  when  we 
consider  the  nature  of  the  characteristic  curve  of  a  direct  current  arc. 
The  above  term  is  applied  to  a  curve  showing  ithe  relation  between 
the  current  flowing  through  or  out  of  any  electrical  appliance  whether 
resistance,  motor,  lamp,  dynamo,  or  anything  else,  and  the  terminal 
potential  difference.  Thus  the  characteristic  curve  of  a  resistance  is 
a  straight  line,  thus  expressing  graphically  Ohm's  law.  The  charac- 
teristic curve  of  a  series-wound  dynamo  is  a  curve  resembling  the 
magnetization  curve  fB,  H,  curve)  of  iron.  On  the  other  hand,  the 
characteristic  curve  oi  a  direct  current  arc  is  a  curve  which,  if  plotted 
with  a  current  as  abscissa  and  potential  difference  of  electrodes  as 
ordinates,  is  a  convex  downward  sloping  curve,  as  in  Fig.  82.  If  the 
currents  are  slowly  increased  and  the  points  on  the  curve  represent 
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Current  throufch  Arc  In  Amperes. 

Fig.  82.— Static  Gharaoteristic  Curves  of  a  D.C.  Arc  between  Carbon  Electrodes 

in  Air. 


the  ratio  of  arc  current  to  potential  difference  of  the  electrodes,  the 

curve  is  called  the  static  characteristic  ;  but  if  the  current  runs  rapidly 

through  a  repeated  cycle  of  values  as  in  the  case  of  an  alternating 

current,  then  the  term  of  dynamic  characteristic  has  been  given  by 

Professor  H.  Th.  Simon  to  the  closed  curve  representing  the  relation 

of  current  and  potential  differences. 

In  the  case  of  the  direct  current  (D.C.)  arc  formed  with  solid 

carbons,  the  static  characteristics  for  various  arc  lengths  are  curves 

similar  to  those  depicted  in  Fig.  82.     It  will  be  noticed  that  the 

dv 
slope  of  the  curve  or  the  value  of  —  is  always  negative,  and  that  the 

ab 

dv 
value  of  — ,  where  i  denotes  the  arc  current  at  any  instant  and  v  the 
di  "^ 
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oonesponding  potential  difiference  of  the  carbons,  decreases  as  i 
increases.  Hence  is  positive  because  ^  changes  from  a  some- 
what large  negative  value  to  nearly  zero. 

It  has,  however,  been  shown  by  Mrs.  Ajrrton.^i  and  by  Professor 
H.  Th.  Simon,^2  that  in  the  case  of  an  alternating  current  arc  the 
P.D.  of  the  carbons  corresponding  to  a  given  current  is  lower  when 
the  current  is  decreasing  than  when  it  is  increasing.  Hence,  if  we 
carry  the  current  through  the  arc  round  a  cycle  of  operations, 
increasing  and  decreasing,  the  corresponding  dynamic  characteristic 
is  a  closed  loop.  Simon  has  shown  that  the  product  of  area  (A)  and 
absolute  temperature  (T)  of  the  crater  of  the  arc  determines  the 
carbon  P.D.  necessary  to  produce  a  given  current.^^  Taking  this  pro- 
duct AT  as  corresponding  to  a  definite  resistance  of  the  arc,  he  showed 
thafc  when  heat  is  added  from  some  outside  source  the  characteristic 
is  lowered  or  a  smaller  P.D.  is  required  to  produce  a  given  current. 

If  then  a  continuous  current  arc  is  shunted  by  a  condenser  in 
aeries  with  an  inductive  circuit  the  following  is  a  general  description 
of  the  actions  set  up.  Assume  the  condenser  charged  to  the  P.D.  of 
the  carbons,  and  that  it  is  connected  across  the  arc.  The  condenser 
begins  to  discharge.  This  increases  the  current  through  the  arc  and 
lowers  the  carbon  P.D.  in  virtue  of  the  negative  slope  of  the 
charactmstio  curve.  This,  however,  facilitates  the  discharge  of  the 
condenser.  In  virtue  of  the  inductance  of  the  condenser  circuit  this 
process  continues,  and  the  condenser  is  not  only  discharged,  but 
charged  up  in  the  reverse  direction.  The  current  through  the  arc 
then  begins  to  diminish,  and  this  increases  the  P.D.  of  the  carbons 
and  facilitates  the  further  charging  of  the  condenser.  The  process  is 
exactly  analogous  to  that  by  which  the  steady  jet  of  air  from  the 
mouth  of  an  organ  pipe  sets  up  steady  oscillations  of  air  in  the  pipe, 
and  these  control  the  motion  of  the  jet  of  air  so  as  to  cause  it  to  play 
within  or  without  the  lip  of  the  pipe,  thus  maintaining  the  oscillations. 
Betoming  then  to  the  electric  phenomenon,  we  note  that  since  the 
static  characteristic  of  the  carbon  arc  in  air  is  a  curve,  vrith  greater 
slope  downwards  for  small  currents  than  for  large,  it  follows  that  in 
the  case  of  a  large  current  arc  (10  amperes  and  upwards)  even  large 
variations  of  the  current  will  produce  only  small  variations  of  P.D. 
between  the  carbons,  but  with  small  arc  currents  (1  or  two  amperes 
or  lees)  then  even  small  variations  of  the  current  vrill  produce  much 
larger  variations  in  the  P.D.  of  the  carbons.  If  a  condenser  is 
shaoted  across  a  continuous  current  arc,  and  if  oscillations  are  set  up 
in  the  condenser  dicuit,  we  may  regard  the  actual  current  through 
the  arc  as  the  sum  of  a  constant  unidirectional  current  1q  and  a 
periodic  current,  which  under  assumption  of  a  sine  variation  may  be 
represented  by  I  sin  pt. 

The  P.D.  of  the  carbons  is  therefore  a  function  of  Iq  +  ^  ^^  P^t 
and  oiay  be  represented  by  ¥(Iq  -f  ^  ^^  P^)'    ^^^  ^-^^  ^^J  ^^  ^^™ 

^  "  The  Eleotrio  Arc,"  Mm.  H.  Ayrton. 

**  Physical  Zeittchrifi,  yi.  p.  297, 1905.  Also  Science  Abstracts,  vol.  8a,  1906. 
Abe,  1465,  **  The  DTnamios  and  HyBtereeis  of  the  Slectric  Arc." 

»»  "  The  Theory  of  the  Singing  Arc,"  H.  T.  Simon,  Physical  Zeitschrift,  vol.  7, 
p.  438, 1906,  or  Science  AbstracU,  vol.  9a,  1906,  abs,  1423. 
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be  regarded  as  composed  of  a  constant  unidirectional  part  Yq  and  a 
periodic  part  Ysm(pt-\-6)  differing  in  phase  from  the  periodic  part 
of  the  current.  The  amplitude  V  of  the  periodic  part  of  the  P.D. 
will  depend  upon  the  part  of  the  characteristic  curve  at  which  we  are 
working.  If  we  are  on  the  flat  part  of  the  curve  characteristic,  then 
variations  of  current  through  the  arc  will  only  be  accompanied  by 
small  variations  of  arc  P.D.,  and  this  implies  also  small  power  given 
to  the  condenser  circuit. 

If  then  we  shunt  an  arc  by  a  condenser,  and  gradually  reduce  the 
steady  current  through  the  arc,  the  variations  of  arc  current  produced 
by  the  condenser  currents  are  accompanied  by  such  large  variations 
of  arc  P.D.  that  we  can  employ  a  small  capacity  and  yet  obtain 
oscillations  of  considerable  current  amplitude  in  the  condenser  cir- 
cuit. If,  however,  we  employ  a  larger  arc  current,  then  the  variations 
of  potential  are  small,  and  we  can  only  obtain  sensible  oscillations  of 
current  by  the  use  of  a  condenser  of  relatively  large  capacity.  The 
matter  is  not  capable  of  being  subjected  to  strict  analytical  treatment 
until  we  know  the  form  of  the  function  which  connects  the  current 
and  P.D.  of  the  arc,  but  it  is  clear  that  for  a  given  condenser  the 
current  in  the  condenser  circuit  will  be  increased  by  increasing  the 
potential  difference  variation  of  the  arc  electrodes,  and  this  is  effected 
by  working  with  small  arc  currents  on  a  steep  part  of  the  charac- 
teristic curve.  It  is  this,  perhaps,  which  accounts  for  the  difference 
of  opinion  between  various  observers  as  to  the  possible  limits  of 
frequency  obtainable  by  the  original  Duddell  method  of  shunting  an 
ordinary  carbon  are  with  a  condenser.  Those  observers  who  used, 
say,  a  10-ampere  arc  and  a  condenser  having  a  capacity  of  1  mfd.  or 
so  obtained  only  relatively  low  frequency  oscillations,  and  could  not 
obtain  very  high  frequency  because  by  using  a  condenser  of  small 
capacity  the  variations  of  arc  current  were  too  small  to  convey 
sensible  energy  to  the  condenser  circuit.  Those,  however,  who  em- 
ployed a  small  capacity  and  small  arc  current  were  enabled  to  obtain 
oscillations  of  much  higher  frequency. 

In  1903,  however,  V.  Poulsen  made  known  the  interesting  dis- 
covery, viz.  that  by  employing  a  continuous  current  arc  formed  with 
carbon  and  cooled  metal  electrodes  in  an  atmosphere  of  hydrogen  or 
coal-gas  or  any  hydrocarbon,  it  was  possible  to  obtain  in  an  inductive 
shunt  circuit  having  a  small  capacity  very  high  frequency  vigorous 
oscillations,  practically  undamped.^  He  showed  that  when  the 
oscillatory  arc  was  placed  in  a  magnetic  field  transverse  to  the  arc 
the  condenser  plate  potential  difference  was  very  greatly  increased. 
He  found  that  if  the  continuous  current  arc  was  formed  inside  a 
flame  such  as  that  of  a  spirit  lamp  it  was  possible  to  obtain  oscilla- 
tions of  much  higher  frequency,  by  appropriately  shunting  the  arc  with 
a  small  capacity  and  large  inductance,  than  with  the  ordinary  Duddell 
musical  arc.  Hence  Poulsen  adopted  the  following  arrangement. 
An  electric  arc  is  formed  between  the  end  of  a  thick  carbon  rod 

»*  See  V.  Poulsen,  British  Patent  Specification,  No.  16,599  of  1908 ;  also 
Transactions  of  the  International  Congress  of  Electricians  at  St,  LouiSf  vol.  2, 
p.  963,  1905 ;  or  Science  Abstract,  vol.  8a  ;  ahs.  1620,  1905 ;  also  TJie  Electrician, 
vol.  58,  p.  166,  November  16, 1906.  A  report  of  a  Lecture  given  by  Mr.  V.  Poul- 
sen in  the  Queen's  Hall,  London. 
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kept  in  slow  rotation  and  a  water-cooled  copper  rod,  the  latter  form- 


FiG.  88. — Poulsen's  Arrangement  for  producing  Undamped  Electric  Oscillations. 


Fie.  84. — ^Poii]seii*8  Arrangement  for  producing  Undamped  Electric  Oscillations. 

ing  the  aDode  or  poeitive  pole  of  the  arc  (see  Figs.  83,  84).     This 
arc  is  created  in  a  dox  kept  full  of  coal-gas  or  vapour  of  hydrocarbon, 
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with  a  coDtinaous  voltage  of  400  to  500  volts.  A  variable  reaiatanee 
is  placed  in  seriea  with  the  arc  and  chokJag  coils  Id  both  leads.  The 
arc  box  ia  also  perforated  by  two  magnetic  poles  which  produce  a 
powerful  field  at  right  angles  to  the  arc.  The  arc  electrodea  are  con- 
nected outside  the  box  by  a  condettaer  circuit  consisting  of  a  small 
capacity  aud  a  large  inductance.  The  capacity  n^ay  be  sometbing  of 
the  order  of  0004  of  a  microfarad  and  the  inductance  of  the  order  of 
100,000  cms.  or  O'l  of  a  millihenry.  Under  those  circumstances,  when 
the  arc  is  started,  powerful  oscillations,  which  are  practically  continuous 
or  undamped,  will  be  set  up  in  the  condenser  circuit.     Attention  to 


Fio.  8S. — Poulsea's  Arc  Apparatus  for  producing  Undamped  Electric  OBciU&bions. 

several  details  is  necessary  to  secure  the  best  results.  The  carbon 
rod  must  have  a  square,  sharp  edge,  and  the  arc  must  spring  from 
this  edge  to  a  copper  nose  on  the  end  of  the  cold  copper  electrode. 
The  carbon  must  be  kept  in  a  very  slow,  steady  rotation.  The  mag- 
netic field  must  be  very  strong,  and  the  arc  must  have  a  certain 
length,  best  found  by  trial.  The  arc  box  must  be  kept  cool,  and  also 
the  copper  electrode,  by  circulating  water.  In  the  case  of  portable 
apparatus  Foulsea  uses  air  cooling,  the  arc  being  contained  in  a  box 
with  metal  flanges  and  the  hydrocarbon  vapour  being  formed  by 
dropping  alcohol  or  petrol  into  the  box  (see  Fig.  85). 
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It  has  been  shown  by  the  author  that  even  then  the  oscillations 
are  not  quite  continuous.^^  The  oscillating  arc  tends  to  break  up 
into  a  series  of  intermittent  discharges,  and  it  is  somewhat  difficult  to 
obtain  absolutely  unbroken  undamped  oscillations.  Some  interesting 
investigations  were  carried  out  in  the  author's  laboratory  in  1907 
by  Mr.  W.  L.  Upson,  on  the  characteristic  curves  of  electric  arcs 
between  various  electrodes  and  in  different  gases.^  These  experi- 
ments showed  that  for  an  arc  taken  between  a  carbon  (negative)  and 
a  water-cooled  copper  (positive)  electrode  the  characteristic  curve  is 
much  steeper  at  and  about  the 
same  arc  current,  than  for  the 
carbon-carbon  arc  in  air  (see 
Fig.  86).  Hence  it  is  clear  that 
one  element  in  Foulsen's  dis- 
covery is  the  effect  of  hydrogen 
or  hydrocarbon  vapour  in  steep- 
ening the  characteristic  curve  of 
the  direct  current  arc.  The 
reason  for  this  has  noii  yet  been 
fully  explained. 

Poulsen  immediately  applied 
the  above  method  for  producing 
undamped  electric  oscillations  in 
radiotelegraphy,  with  the  co- 
operation of  P.  O.  Pedersen.57 

We  shall  return  again,  in 
Chap.  VIII.  on  radiotelegraphic 
stations,  to  the  consideration  of 
the  practical  use  of  Poulsen's 
discovery  and  apparatus  in  wire- 
less telegraphy  and  telephony.         „      ^^     ^.  ^     .      t*     ,x     * 

XfJ^^rvTiil    fk^    ^^I^^wJ  of      FiQ,  86.— Diagram  showing  Results  of 

Meanwhile    the   readers    at-        Epson's  Speriments  on  Character- 
tennon  may  be  drawn  to  one  or        igtio  Cnrr^B  of  Arcs. 
two  other  points  in  connection 
with  the  production  of  electric  oscillations  by  the  arc. 

Much  Ught  has  been  thrown  on  the  nature  of  the  phenomenon  by 
the  careful  researches  of  Professor  H.  Th.  Simon.w  He  has  studied 
by  means  of  the  oscillograph  and  Braun  vacuum  tube,  the  form  of 

**  See  J.  A.  Fleming,  '*  On  the  Poulsen  Arc  as  a  Means  of  generating  Undamped 
OBcillalions,"  Phil  Mag.,  August,  1907 ;  also  Proc,  Phys.  Soc.,  Lond.,  vol.  20, 1907; 
also  **  Beoent  Advances  in  Electric  Wave  Telegraphy,"  a  discourse  at  the  Royal 
Institution.    See  The  EUcirician,  May  81,  June  7, 14,  21, 1907. 

»•  See  W.  L.  Upson.  "  Observations  on  the  Electric  Arc,"  Proc.  Phys.  Soc., 
Lmd.,  voL  20,  1907,  or  Phil.  Mag.,  July,  1907.  Also  J.  A.  Fleming,  "  Some 
Obtervations  on  the  Poulsen  Arc  as  a  Means  of  obtaining  Continuous  Electric 
Oscillations;*  PhU.  Mag.,  August,  1907,  series  vi.  vol.  14,  p.  254. 

*'  See  V.  Poulsen,  *'  A  Method  for  producing  Undamped  Electric  Oscillations 
and  its  Employment  in  Wireless  Telegraphy/'  The  Electrician,  vol.  58,  p.  166, 
1906.  In  this  article  a  number  of  diagrams  are  given  showing  the  type  of 
reoeiviDg  circuit  used. 

^*  See  H.  T.  Simon,  "  The  Dynamics  and  Hysteresis  of  the  Electric  Arc," 
Pky$,  ZeiUchri/t^  voL  6,  p.  297, 1906,  or  Science  Abstracts,  vol.  8a,  abs.  1466; 
also  **  Theory  of  the  Singing  Arc,'*  Phys.  Zeitschrift,  vol.  7,  p.  433,  1906,  or 
Science  Abstracts,  vol.  9a.  abs.  1428. 


60 


?65 

> 
e 


•$  50 


ui 
Z 

£  40 

5 


S  35 

a. 


n 

( 

V 

•MoTUr- 

N 

K 

'\ 

0  4  8  .    12 

Arc  Current  In  Amperes. 


16 


110         THE  PRODUCTION  OF  HIGH   FREQUENCY  CTJKBENTS 

the  current  curves  in  the  two  circuits :  the  main  or  arc  circuit  and  the 
shunt  or  oscillatory  circuits.  He  shows  that  the  arc  current  con- 
sists of  a  sinoidal  current  superimposed  upon  a  steady  current,  and 
that  the  current  in  the  shunt  circuit  is  nearly  a  sinoidal  current.  It 
follows  from  this  that  the  arc  current  increases  and  decreases 
periodically.  Since  the  main  current  keeps  constant,  it  follows  that 
Che  current  through  the  arc  is  increasing  wheu  that  into  the  con- 
denser is  decreasing,  and  vice  verna. 

The  form  of  the  oscillograms  and  characteristic  curve  of  the  arc 
when  the  current  is  periodic  is  well  shown  by  some  oscillograms  and 
characteristic  curves  taken  by  Professor  J.  T.  Morris  with  alternating 
current  arcs  under  various  cooditions  in  air  and  in  coal-gas.^ 

Thus  in  Figs.  87,  88  are  shown  the  oscillograms  of  an  alternating 
current  arc  in  air,  formed  with  440  and  110  volts  respectively,  at  a 
frequency  of  60.    In  the  case  of  Fig.  87  the  wave  of  current  has  been 


Pio.  87.— OscJUogramB  of  MO-Tolt  Alter-  Fio.  88.— OBoiUogram  of  110-volt  Alter- 
nating Arc  in  Air.     The  Current  Curve  nating  Aro  in  Air.     The  Current  Curve 
is  the  Bqoaie-Bliouldered  curve,  and   is  JB  the  square- sbouJdeied  curve.    (J.  T. 
ravaraed  or  Bhifted  through  180°.  I(J,  T.  Morris.) 
Moreie.) 

shifted  through  180°  to  keep  well  separate  the  curves  of  voltage 
and  current.  It  will  be  noticed  that  the  current  remaios  practically 
constant  for  quite  a  sensible  time  during  the  semi-period,  and  that 
during  that  time  the  P.D.  of  the  carbons  rises  rapidly,  but  falls  again 
quickly.  The  P.D.  then  remains  nearly  zero  tor  some  time  as  the 
current  reverses  sign.  These  values  of  P.D.  (in  volts)  and  current 
(in  amperes)  are  set  off  in  cyclical  curves  in  Figs.  89  and  90,  which 
show  well  the  cycle  of  changes  of  current  and  P.D.  in  an  alternating 
current  arc,  and  the  difference  between  the  arc  in  air  and  in  coal- 
gas,  both  with  and  without  a  transverse  magnetic  field  across  the 
aro.  The  effect  of  the  coal-gas  is  seen  in  the  much  more  sudden 
and  greater  rise  of  the  curve  as  the  current  passes  through  zero,  and 

"  See  J.  T.  Morris,  "  Note  on  an  Osoiliographic  Study  of  Low  Frequency 
Oscillating  Arcs,"  EUctrical  BevUw,  August  9,  1907.  A  paper  read  before  the 
British  Association  at  Leioester.  1907. 
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also  in  the  muoh  steeper,  falling  characteristic  as  the  current  increases 
to  its  maximum. 

The  reasons,  then,  for  the  peculiar  form  of  the  closed  charac- 
teristic curve  for  an  alternating  current  arc  are  to  be  found  in  the 
phenomena  of  the  arc  and  of  gaseous  conductors  generally.  If  we 
apply  a  steady  potential  difference  to  two  arc  electrodes  immersed 
in  a  gas,  there  is  a  great  resistance  to  the  passage  of  electricity, 
which  chiefly  resides  at  the  negative  electrode,  and  can  be  enor- 
mously reduced  by  heating  that  electrode. 

Again,  a  gaseous  conductor  does  not  obey  Ohm's  law.     Its  con- 


40C 
300 

l\ 

1 

Coal  Gas 

> 
200 

\ 

100 

^ 

V 

a 

^ 

\> 

.    -1      1 

\^ 

• 
-lOO 

i 

lmpcr«« 

a 

\ 

» 

•a  00 

M 

-300 

•flOO 

■i 

1 

1 

r 

-*K 

^ 

r        ^ 

-100 

< 

AmpvrM 

I              3 
Air 

1 

■  ■>  ' 

•«>I00 

1         *: 

I         -1 

ir- 



-100 

4 

Mnp«res 

Air 

Fig.  89. — Cyclical  or  Dynamic  Characteristic  Fig.  90. — Cyclical  or  Dynamic  Characteristic 

Curve   of   a  440-Yolt  Arc  in  Coal-GhM  Carve  of    a  440-volt  Arc   in  Coal-Gas 

(Upper  Curve)  and  Air  (Lower  Curve)  (Upper  Curve)  and  Air  (Lower  Curve) 

without     Transverse    Magnetic    Field.  with  Transverse  Magnetic  Field.    (J.  T. 

(J.  T.  Morris.)  Morris.) 

ductivity  is  not  constant,  but  is  a  function  of  the  voltage,  and  in 
general  there  is  a  constant  value,  called  the  saturation  current,  which 
the  current  cannot  exceed  no  matter  what  the  voltage.  If  we  con- 
sider the  instant  when  the  current  through  the  arc  is  zero,  the  con- 
ductivity of  the  arc  or  interelectrode  vapour  is  then  very  small,  and 
the  electrode  P.D.  therefore  rises  to  its  full  value.  If,  however,  any 
of  the  gas  is  ionized  by  any*  cause,  then  these  ions  are  moved  by 
the  electric  force  and  a  current  begins  to  flow.  As  the  current  in- 
creases the  conductivity  of  the  gas  increases,  and  the  electrode  or  arc 
P.D.  falls.      When  the  arc  current  has  reached  its  maximum  value 


112    THE  PRODUCTION  OF  HIGH  FREQUENCY  CURRENTS 

and  oommences  to  decrease,  the  electrodes  still  remain  hot  and  the 
interelectrode  condactivity  remains  good ;  therefore  the  arc  P.D.  keeps 
low  until  the  current  is  nearly  zero  again,  when  the  cooling  of  the 
electrodes  causes  a  slight  rise  in  current  to  be  followed  by  a  fall  to 
zero,  and  then  reversal  and  rapid  increase  in  the  negative  direction. 
The  useful  effect  of  the  coal-gas  or  hydrogen  is  largely  due  to  its  cool- 
ing effect,  for  as  soon  as  the  arc  current  falls  to  zero  the  hydrogen  or 
coal-gas  cools  the  electrodes  and  so  promotes  a  rapid  increase  in  arc 
resistance  and  therefore  a  quick  and  large  rise  in  P.D.  between  the 
electrodes.  The  transverse  magnetic  field  helps  to  extinguish  the  arc 
more  quickly.  We  thus  find  an  explanation  of  the  peculiar  form  of 
the  cyclical  characteristic  curve.  These  cyclical  or  dynamic  charac- 
teristics of  the  alternating  current  arc  have  been  compared  by 
H.  Th.  Simon  with  the  magnetic  hysteresis  loops  of  iron  and  the 
static  characteristics  with  the  ordinary  non-cycHcal  magnetization 
curve. 

If  a  condenser  is  shunted  across  the  arc  it  is  then  clear  that 
oscillations  once  started  will  tend  to  persist.  For  the  initial  con- 
nection of  the  condenser  robs  the  arc  of  some  current,  and  this 
reduction  of  current  at  once  increases  the  electrode  or  arc  P.D.  which 
is  in  the  direction  required  to  continue  the  charging.  When  the 
condenser  is  fully  charged  the  arc  current  becomes  again  constant 
and  rises  to  its  steady  value.  This  is  accompanied  by  a  fall  in  arc  P.D. 
and  the  condenser  then  discharges  through  the  arc,  thus  increasing 
the  arc  current  still  more  and  further  decreasing  the  arc  P.D.  The 
changes  in  arc  P.D.  are  then  always  automatically  made  in  the 
direction  necessary  to  give  and  take  energy  from  the  condenser 
periodically,  and  the  process  is  self-sustaining.  The  process  is 
greatly  facilitated  by  immersing  the  arc  in  an  atmosphere  which  does 
not  act  chemically  on  the  electrodes  and  at  the  same  time  cools  them. 
It  is  therefore  assisted  by  surrounding  the  electrodes  with  an  atmo- 
sphere of  hydrogen  or  hydrocarbon,  and  also  helped  by  replacing  the 
negative  carbon  by  a  water-cooled  copper  cathode.  It  is  also  aided 
by  a  magnetic  field  placed  transversely  to  the  arc,  because  this  tends 
to  rupture  the  arc  very  suddenly  and  hence  brings  into  play  the 
inductances  of  the  condenser  and  main  circuit  to  increase  the  electro- 
motive force  in  the  circuit  which  charges  the  condenser.  Hence 
it  follows  that  the  root-mean  square  value  of  the  P.D.  of  the 
terminals  of  the  condenser  as  measured  by  an  electrostatic  voltmeter 
may  be  many  times  greater  than  the  P.D.  of  the  arc  electrodes  as 
measured  by  a  direct  current  voltmeter.  If  Vq  is  the  last  voltage 
and  Y^  is  the  E.M.S.  value  of  the  true  periodic  or  alternating  P.D.  at 
the  terminals  of  the  condenser,  which  may  be  for  the  moment  assumed 

P 
to  have  a  sinoidal  form  and  frequency  w=~-,  then  the  reading  V 

Ait 

of  an  electrostatic  voltmeter  placed  across  the  terminals  of  the  con  - 

denser  would  be — 


\/\\lCf  +  V2  Vi  sin  pt)^  dt  =VVo2  +  Vi2 
Hence        V2  =  Vo2  +  Vi2,    and    Vi^Vva  — V 
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Thus,  if  Vq  =  400  volts,  V  may  be  as  much  as  1600  volts. 

It  is  found  by  experience  that  in  using  the  carbon-copper  arc  in 
coal-gas  to  produce  vigorous  undamped  oscillations,  the  capacity  in 
the  shunt  circuit  should  be  small  and  the  inductance  large.  Thus, 
when  using  an  8-ampere  arc  formed  with  400  volts  the  capacity  can 
conveniently  be  about  0*005  mfd.,  or  4000  to  5000  cms.  in  electro- 
static measure,  and  the  inductance  about  20  times  as  great,  viz. 
100,000  cms.  in  electromagnetic  measure. 

The  general  conditions  which  have  to  be  complied  with  to  obtain 
by  this  method  powerful  oscillations  of  a  frequency  high  enough  to 
be  of  use  in  radiotelegraphy,  viz.  of  the  order  of  10®,  are  as  follows  : — 

The  numerical  value  of  the  capacity  Ggg  when  reckoned  in  electro- 
static units  must  be  small  compared  with  the  numerical  value  of 
the  inductance  Le^i  reckoned  in  electromagnetic  units,  and  the 
capacity  and  inductance  must  have  such  values  that  the  quantity 

3  X  1010 
- — r~^=—-=-=^  which  measures  the  frequency  must  be  of  the  order 

of  108. 

The  arc  used  should  be  a  high  potential  small  current  arc  and 
used  under  such  conditions  that  it  is  worked  at  a  steep  part  of  the 
characteristic  curve.  It  is  therefore  essential  to  work  the  arc  in 
a  non-oxygenic  atmosphere,  and  experience  shows  that  the  best 
results  are  obtained  with  a  hard  carbon  anode  and  cooled  copper 
anode  in  an  atmosphere  of  hydrocarbon  gas. 

Amongst  other  investigations  on  this  subject  those  of  L.  W. 
Austin  ^  may  be  mentioned.  He  experimented  with  electric  arcs 
formed  between  various  materials,  such  as  sohd  carbon,  cored  carbon, 
graphite  and  metals,  and  found  that  high  frequency  oscillations  could 
be  produced  with  graphite  electrodes,  the  frequency  being  of  the 
order  of  100,000  and  upwards  when  the  arc  was  formed  in  air.  He 
found,  as  Poulsen  and  others  had  previously  done,  that  vigorous  high 
frequency  oscillations  can  more  easily  be  formed  by  an  arc  with 
copper-carbon  electrodes  placed  in  a  gas  flame  or  in  an  atmosphere 
of* hydrogen;  the  arc  in  hydrogen  or  coal-gas  enabhng  very  large 
quantities  of  energy  to  be  given  up  to  the  oscillating  circuit  without 
extinguishing  the  arc.  Austin  also  found  he  could  produce  similar 
effects  with  the  arc  formed  in  steam  and  in  compressed  air. 

A  point  ofi  importance  in  connection  with  this  subject  is  whether 
the  oscillations  produced  in  the  shunt  circuit  are  controlled  as  to 
frequency  solely  by  the  inductance  and  capacity  of  that  circuit — in 
other  words,  whether  the  oscillations  are  free  or  forced. 

It  appears  from  Austin's  experiments  that  there  is  always  a 
fundamental  oscillation,  the  frequency  n  of  which  is   not  far  from 

that  given  by  Kelvin's  law,   viz.  n  =5 — twv  \  ^^^  ^^^  there  are 

higher  harmonics  as  well,  and  also  that  the  fundamental  frequency 
is  to  some  extent  a  function  of  the  arc  length  and  arc  currents.  Also 
he   agrees  with  the  author  that   for   high   frequencies   there  is  a 

••  L.  W.  Austin  on  the  *•  Produotion  of  High  Frequency  Oscillations  from  the 
Electric  Arc,"  BuUatm  of  the  U.S.A.  Bureau  of  Standards,  vol.  3,  No.  2,  Wash- 
ington, 1907. 
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tendency  for  the  oscillations    to   become   discontinuous  and  break 
up  into  separate  trains  of  oscillations. 

In  addition  to  the  above  types  of  arc  generator  there  are  some 
modifications  of  more  recent  invention. 

The  arc  generator  of  M.  'Moretti  has  been  employed  v^ith  success 
in  the  production  of  practically  continuous  oscillations  for  vdreless 
telephony.  In  this  apphance  a  direct  current  at  a  voltage  of  500 
volts  is  used  to  create  an  electric  arc  between  tv^o  copper  electrodes. 
The  negative  is  a  solid  copper  rod,  and  the  positive  is  a  hollow  copper 
tube  through  which  water  is  made  to  flow  at  a  regulated  speed. 

•The  electrodes  are  placed  vertically  with  the  negative  uppermost. 
The  arc  is  formed  between  the  copper  negative  electrpde  and  the 
water.  The  arc  is  supplied  with  continuous  current  through  a  pair  of 
choking  coils,  and  is  shunted  as  in  the  Duddell  arc  by  a  condenser  in 
series  with  an  inductance.  When  this  is  adjusted  a  high  frequency 
alternating  current  is  created  in  the  condenser  circuits. 

A  satisfactory  explanation  of  its  operation  has  not  yet  been  given. 
It  has  been  assumed  that  the  arc  striking  the  water  evaporates  it,  and 
that  a  series  of  small  explosions  ensues  which  result  in  a  regular 
charge  and  discharge  of  the  condenser. 

It  seems  more  probable,  however,  that  the  vaporization  of  the 
water  includes  the  arc  in  an  atmosphere  of  steam,  hydrogen  and 
oxygen,  and  that  the  result  is  to  bring  about  the  same  increase  of 
steepness  of  the  characteristic  curve  as  in  the  case  of  the  arc  between 
copper  and  carbon  electrodes  in  coal-gas  or  hydrogen. 

This  form  of  arc  generator  has  been  used  for  wireless  telephony 
by  Prof.  J.  Vanni  (see  Chap.  X.).  Another  form  of  arc  generator  ton 
the  production  of  continuous  oscillations  is  due  to  the  author.^i  In 
this  the  arc  is  formed  between  a  carbon  negative  electrode,  and  a 
copper  closed  or  nearly  closed  tubular  positive  electrode  fitting  over  it. 
The  carbon  is  immersed  in  a  vessel  of  heavy  mineral  or  vegetable  oil. 

The  construction  will  be  understood  from  Fig.  91. 

In  a  metal  vessel,  V,  full  of  the  oil  is  placed  a  metal  plate  which 
carries  one  or  more  insulated  sockets  in  which  are  held  solid  carbon 
rods.  These  rods  are  just  so  long  that  their  tops  are  exposed  about 
1  or  2  centimetres  above  the  surface  of  the  oil. 

The  copper  electrodes  D,  D  are  in  the  form  of  copper  cylinders  closed 
at  the  top,  all  but  a  small  hole  or  holes,  h,  and  carried  on  the  ends  of 
steel  rods.  These  are  put  over  the  carbons  like  extinguishers  on  the 
tops  of  candles.  The  carbon  electrodes  C  are  carried  on  an  insulated 
plate  which  is  so  held  and  moved  by  a  screw,  S,  that  these  copper 
cylinders  can  be  simultaneously  all  Ufted  a  little  way  above  the 
carbons.  The  copper-carbon  electrodes  are  joined  in  series,  so  that 
when  supplied  with  continuous  current  at  400  or  500  volts  all  the 
copper  electrodes  are  positive.  The  arc  forms  between  the  tip  of  the 
carbon  and  the  underneath  side  of  the  copper  top  of  the  covering 
cylinder.  The  heat  volatihzes  the  oil,  and  the  chamber  soon  becomes 
full  of  a  vapour  which  is  not  oxidizing. 

The  small  holes  in  the  top  of  the  copper  allow  the  escape  of  this 
vapour. 

The  copper  cylinders  can  be  all  moved  up  or  down  by  the  screw 
"  J.  A.  Fleming,  British  Patent  Specification,  No.  3968  of  1914.     Feb.  16. 
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together,  and  each  oan  also  be  adjusted  eeparately.  The  carbon  rods 
tend  to  increase  io  length  with  use  by  the  deposit  of  carbon  on  them. 

If  this  series  of  aros  ia  shunted  by  a  condenser  and  inductance  we 
can  produce  in  the  circoit  high  frequency  oscillations  which  are 
undamped  or  persistent. 

If  necessary  a  coU  of  lead  pipe  can  be  included  in  the  vesael  of  oil 
and  water  circulated  through  it  to  cool  the  oil. 

The  arrangement  is  very  easily  worked,  and  two  or  three  of  such 
arcs  in  series  can  be  operated  off  a  220-volt  direct  current  supply  or 
six  off  a  400-volt  supply  with  some  adjustable  resistance  in  series. 
The  arc  current  should  be  kept  small,  viz.,  about  two  or  three  amperes. 

An  alternating  current  in  the  condenser  circuit  can  be  obteined 


Fro.  91. — Arc  Qensrator  (Fleming)  for  creating  Continuous  Electric  OBciUatiouB. 

having  a  frequency  of  one  million  or  more  by  proper  adjustment  of 
tbe  capacity  and  inductance. 

IS-  Hflthods  for  tha  Prodaotlon  of  aloul;  Beqaent  Trains  of 
Datnpod  OMlll&tioiU. — In  addition  to  the  above  described  methods 
for  the  production  of  true  persistent  oscillations  by  the  high  freqaenoy 
alternator  and  the  electric  arc  there  are  other  methods  by  means  of 
which  oscillations  almost  equivalent  to  undamped  trains  may  be  pro- 
doced  by  means  of  condenser  discharges.  In  the  ordinary  use  of  the 
lodnction  coQ  operated  with  a  hammer  or  mercury  break  the  number 
of  interruptions  of  the  primary  circuit  may  be  about  60  per  second, 
hut  when  an  alternator  is  substituted  for  the  induction  coil  tbe  number 
o(  alteniationa  may  be  increased  to  500  or  more  per  second.  If  we 
suppose  that  a  condenser  is  charged  by  such  a  coil  or  alternator,  and 
that  500  (rains  of  damped  oscillations  are  thus  created  per  second, 
<uk1  that  each  train  contains  20  complete  oscillations,  and  that  the 
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osGill9*tion  frequency  is  10<^,  we  see  at  once  that  the  time  during  which 
oscillations  are  actually  taking  place  is  only  one-hundredth  part  of 
the  whole  time  during  which  the  process  continues.  It  is  ohvious 
therefore  that  much  may  be  done  by  closing  up  the  intervals  between 
the  trains  of  oscillations,  so  as  to  occupy  more  of  the  whole  time 
with  oscillations.  There  are  several  methods  by  which  this  can 
be  done. 

The  first  of  these  is  by  the  use  of  a  short-spark  gap  and  induction 
coil.  If  a  coil  has  its  secondary  terminals  connected  by  a  condenser 
of  no  very  large  capacity,  say,  by  a  Leyden  jar  of  0*004  mfd.  capacity, 
and  the  spark  gap  across  the  secondary  is  made  short,  say,  1  mm., 
then  several  discharges  of  the  jar  take  place  at  each  interruption  of 
the  primary  circuit  of  the  coil.  This  can  be  proved  by  the  aid  of  the 
author's  spark  counter  described  in  §  15,  Chap.  II.  The  explanation 
is  that  as  the  electromotive  force  rises  up  in  the  secondary  circuit 
of  the  coil,  when  it  reaches  the  value  corresponding  to  the  length  of 
the  short  gap  it  causes  a  discharge,  but  since  the  electromotive  force 
continues  to  exist  it  again  repeats  the  charging,  and  hence  3,  4,  or  5 
or  more  sparks  may  occur  at  each  interruption  of  the  primary.  It 
must,  therefore,  not  be  assumed  that  when  we  have  500  alternations 
in  the  primary  circuit  per  second  we  have  the  same  number  of 
secondary  sparks.  There  may  be  many  more  sparks  than  alterna- 
tions of  the  primary  current.  It  is,  however,  necessary  to  insert 
in  the  primary  circuit  of  the  transformer  a  large  inductance  which 
serves  to  arrest  the  current  which  would  otherwise  start  an  arc 
across  the  balls  immediately  the  spark  takes  place.  By  the  use 
of  a  suitable  inductance  in  series  with  the  primary  of  a  coil  actuated 
from  a  public  electric  supply  of  alternating  current  having  a 
frequency  of  40,  Professor  Q.  Majorana,  in  1904,  succeeded  in 
obtaining  a  series  of  10,000  short  sparks  per  second  for  the  purposes 
of  wireless  telephony.®2  This  phenomenon  of  multiple  sparks  per 
interruption  had  previously  been  noticed  by  H.  Abraham  (see 
Bulletin  Soc  Franc,  de  Phys,,  May  5,  1899)  and  by  A.  Blondel  (see 
British  Patent  Specification,  No.  21,919  of  Dec.  3,  1899),  but  had  not 
previously  been  utilized.  Majorana  states  that,  blowing  air  or 
carbonic  acid  on  the  spark  gap  serves  to  keep  down  the  temperature 
of  the  balls  and  maintain  a  steady  state. 

Such  a  multiple  spark  examined  in  a  revolving  mirror  presents 
itself  as  an  unbroken  band  of  light,  unless  the  speed  of  the  mirror  is 
very  large. 

A  very  similar  multiplication  of  discharges  can  take  place  when  a 
mercury  lamp  or  bulb  full  of  mercury  vapour  is  substituted  for  a 
spark  gap. 

Mr.  P.  Cooper-Hewitt,  in  investigations  connected  with  the 
production  of  a  mercury-vapour  incandescent  lamp,  found  that  a 
column  of  mercury  vapour  has  electrical  properties  very  similar  to 
that  of  the  electric  arc  between  solid  carbons.  'If  a  glass  tube  is 
provided  with  mercury  electrodes  connected  by  sealed-in  platinum 
wires  with  a  circuit,  and  if  the  tube  is  highly  exhausted  of  air  so  as 
to  contain  only  mercury  vapoxir,  it  is  found  that  this  vapour  becomes 

«*  See  The  Electrician,  vol.  63,  p.  991,  1904,  October  7 ;  also  Elektrotechnische 
ZeitschHft,  vol.  26,  p.  948, 1904. 
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eleotrioally  oondaotive  when  a  oontiiiaoas  voltage  is  supplied  to  the 
ends  of  the  tube  which  exceed  a  certain  limit.^' 

The  tube  when  cold  offers  a  high  resistance,  and  this  appears  to 
reside  chiefly  at  the  negative  mercury  electrode.  If,  however,  a  high 
voltage  is  momentarily  applied,  the  resistance  falls,  and  a  moderate 
voltage  of  50  or  100  volts  will  then  maintain  a  current  of  several 
amperes  through  the  tube,  provided  the  tube  has  a  sufficient  diameter. 
When  a  certain  current  passes,  the  mercury  vapour  glows  brilliantly 
with  a  bright  greenish  light.  The  efficiency  of  the  device  as  a  source 
of  light  is  high.  A  tube  taking  3  amperes  at  60  volts  will  emit  a 
light  of  360  candles,  and  has  therefore  an  efficiency  of  0-5  watt  per 
candle. 

If  a  mercury  vapour  lamp  has  its  terminals  shunted  by  a  con- 
denser in  series  with  an  inductive  resistance,  and  a  high  voltage  is 
applied  to  the  terminals  of  the  tube,  the  result  is  to  excite  electrical 
oscillations  in  the  condenser  circuit,  including  the  condenser,  in- 
ductance, and  tube.  Assuming  the  voltage  to  be  alternating,  the 
operations  are  as  follows : — 

As  the  voltage  rises  from  zero  the  condenser  becomes  charged, 
but  the  mercury  vapour  tube  does  not  conduct.  At  a  certain  critical 
voltage  the  resistance  of  the  mercury  vapour  suddenly  disappears  or 
falls  greatly,  and  a  current  passes  through  it.  The  condenser  then 
dischargee  through  this  low  resistance  with  oscillations,  and  when 
the  voltage  again  falls  below  a  certain  value,  the  mercury  vapour 
ceases  to  be  a  good  conductor,  and  remains  of  high  resistance  until 
the  voltage  rises  again  and  the  process  repeats  itself.  Owing  to  this 
high  initial  resistance,  it  requires  about  5000  volts  alternating  to 
maintain  a  current  of  2  amperes  through  a  tube  which  will  take  the 
same  current  at  100  volts  continuous.^  Based  on  these  facts,  Mr. 
Cooper-Hewitt  has  devised  a  mercury  vapour  current  interrupter,  as 
follows : — 

A  laige  glass  bulb  about  8  or  10  inches  in  diameter  has  a  pair  of 
tubular  extensions  with  platinum  wires  sealed  in  at  the  bottom. 
These  tubes  are  partly  filled  with  mercury  (see  Fig.  92).  The  globe 
is  exhausted  of  air,  and  contains  only  mercury  vapour.  It  may  be 
put  in  a  vessel  of  oil  to  keep  it  cool. 

The  platinum  terminals  are  connected  to  a  high  voltage  low 
frequency  circuit,  such  as  the  secondary  terminals  of  a  20,()00-volt 
transformer,  and  the  terminals  are  also  shunted  by  a  condenser  and 
an  inductance,  which  may  be  the  primary  circuit  of  an  oscillation  or 
high  frequency  induction  coil.  When  the  low  frequency  voltage  is 
turned  on,  the  mercury  vapour  between  the  electrodes  is  a  non- 
oonductor  until  the  voltage  reaches  a  certain  high  value,  say  10,000  or 
15,000  volts.     The  bulb  then  suddenly  becomes  a  good  conductor  due 

**  A  general  description  of  the  phenomena  oonneoted  with  the  arc  discharge  in 
mereurj  Taponr  has  <heen  given  by  Mr.  H.  P.  Wills,  in  a  paper  on  the  *'  Condnc- 
tion  of  Electricity  in  Mercury  Vapour,"  in  the  Phyncal  Review  for  Auffust,  1904, 
voL  xiz.  p  65 ;  see  also  a  paper  by  P.  C.  Hewitt,  Electrical  World  and  Engineer 
of  New  York,  April  27, 1901,  p.  679. 

«•  See  Science  Ahetracts,  1904,  vol.  7,  A.,  p.  347 ;  also  British  Patent  Speoifi. 
cation  P  Cooper-Hewitt,  No.  9206  of  1903 ;  also  Electrical  World  of  New  York, 
Feh.  21. 1908,  vol-  41,  p.  316,  and  Electrical  Review  of  New  York,  Feb.  21, 1903, 
roL  4^  p.  264. 
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to  the  disappearance  of  the  cathode  resistance.  Then  the  condenser 
discharges  with  oscillations  and  the  voltage  drops.  At  a  certain  low 
voltage,  which  can  be  adjusted,  the  cathode  resistance  again  reappears 
and  the  bulb  ceases  to  conduct.  Hence  it  acts  Uke  a  spark  gap,  but 
with  much  greater  regularity.  The  behaviour  of  the  interrupter  as  a 
substitute  for  a  spark  gap  in  producing  the  oscillatory  discharge  of 
a  condenser  has  been  investigated  by  Professor  G.  W.  Pierce,  of 
Harvard  University.  He  employed  one  of  the  double-pool  mercury 
type  of  Cooper- Hewitt  bulbs,  and  considered  its  apphcation  especi- 
ally to  wireless  telegraphy.®^    He  operated  with  alternating  currents, 
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Fig.  92. — Mode  of  employing  the  Cooper-Hewitt  Mercury  Vapour  Current  Inter- 
rupter in  place  of  ft  Spftrk  Gftp.  A,  vacuous  glass  bulb  containing  mercury 
vapour ;  ^,  p,  mercury  electrodes ;  A,  alternator ;  T,  transformer ;  0,  C, 
condensers ;  L,  inductance. 

and  found  that  several  discharges  may  occur  within  a  single  half 
period  of  the  transformer  current.  Thus  with  15,000  volts,  and  a 
capacity  of  0-117  mfd.,  one  or  two  discharges  per  half  period  were 
obtained. 

With  a  small  capacity  of  about  0*001  mfd.  and  the  same  voltage 
over  200  discharges  per  half  period,  that  is,  in  y^  of  a  second,  were 

•*  See  G.  W.  Pierce,  "  On  the  Cooper-Hewitt  Mercury  Interrupter,"  Proc, 
Amer.  Acad,  of  Science^  1904,  vol.  89,  No.  18,  p.  389.  Also  Sdenjce  Abstracts^ 
vol.  7,  A.,  p.  846. 
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produced.    The  complete  discharges  were  separated  only  by  ^oo^ooo 
of  a  second. 

The  discharges  of  this  particular  interrupter  always  began  at 
7070  volts,  and  the  condenser  was  left  charged  at  about  1600  volts, 
sometimes  positive  and  sometimes  negative. 

It  was  found  that  the  resistance  of  the  interrupter  decreased  with 
increasing  capacity  (C)  and  decreasing  inductance  (L)  in  the  oscillatory 
circuit,  and  varied  from  0*127  ohm  for  L  =  O'OOOOll  henry  and 
C  =  0117  mfd.,  to  0-598  ohm  for  L  =  000142  henry  and  0  = 
0-073  mfd. 

The  mercury  interrupter  seems  to  act,  therefore,  as  a  very  low 
resistance  air  gap,  but  with  much  greater  uniformity.  On  the  other 
hand,  attempts  to  use  it  for  large  powers  have  not  been  very 
successful. 

A  method  of  very  practical  utility  for  the  production  of  rapidly 
repeated  trains  of  feebly  damped  oscillations  has  been  developed  out 
of  a  discovery  made  by  M.  Wien  in  1906,  on  the  damping  of  short 
sparks.<M  Wien  observed  that  when  a  condenser  discharge  takes 
place  between  good  conducting  metalhc  surfaces,  placed  very  near 
together  so  as  to  produce  short  spark,  the  oscillations  are  very  quickly 
damped  out  and  the  spark  killed. 

If  two  flat  copper  plates  are  placed  with  their  surfaces  parallel  and 
not  more  than  a  quarter  of  a  millimetre  apart,  then  if  a  condenser  or 
Leyden  jar  is  connected  in  series  with  this  flat  plate  spark  gap  and 
the  two  plates  connected  to  the  secondary  terminals  of  an  induction 
coil  in  action,  the  condenser  discharge  takes  the  form  of  a  very  rapid 
series  of  highly  damped  discharges  which  are  called  quenched  sparks. 
The  cooling  action  of  the  flat  copper  plates  tends  to  prevent  the  for- 
mation of  any  true  arc  discharge  even  if  the  source  of  high  potential 
is  a  transformer  or  continuous  current  dynamo.  These  quenched 
sparks  may  occur  at  the  rate  of  several  hundred  or  even  thousand  per 
second. 

A  form  of  quenched  spark  discharger  which  deserves  mention  here 
is  that  of  £.  Leon  Chaffee,  which  consists  of  two  flat  surfaces  of 
aluminium  and  copper,  which  are  placed  a  fraction  of  a  millimetre 
apart  in  an  atmosphere  of  moist  hydrogen.^?  The  surfaces  are 
included  in  a  metal  box,  provided  with  radiator  flanges  to  keep  it 
cool  (see  Fig.  93).  If  a  condenser  charged  by  a  dynamo  giving  an 
E.M.F.  of  500  volts  is  continually  discharged  across  this  gap,  it  will 
produce  a  very  rapid  series  of  quenched  sparks,  and  these  can  be 
caused  to  create  trains  of  feeblv  damped  oscillations  almost  in  close 
sequence  by  the  arrangement  of  circuits  shown  in  Fig.  94. 

If  the  inductance  in  series  with  the  condenser  is  the  primary  coil 
of  an  air  core  transformer,  then  at  each  spark  between  the  plates 
there  is  a  sudden  discharge  of  the  condenser  through  the  primary 
and,  therefore,  the  production  of  a  secondary  oscillation  in  the 
secondary  circuit.  The  primary  oscillation  is  very  nearly  dead-beat 
as  the  spark  is  so  quickly  extinguished,  but  in  the  secondary  circuit 
we  obtain  a  series  of  feebly  damped  trains  of  oscillations  very  rapidly 
following  each  other.    The  practical  forms  of  this  discharger  and 

*<  806  M.  Wien,  PhysikaUaehe  Zeitschrift,  No.  28,  December,  1906,  p.  872. 
"  E.  L.  Chaffee,  PnKJ.ilmeficaniicad.,"Art8andJScience8,"  vol.  47,  p.  265, 1911. 
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I,  will  be  oonaidered 


others  like  it,  called  qnenohed  spark  dischai^ra 
in  Chap.  VII.  oF  this  book. 

ADOther  form  of  such  discharger  due  to  B.-toq  Lepel  consists  of  two 
metal  plates,  with  surfaces  very  near  together,  but  separated  by  a 
ring  cat  out  of  a  sheet  of  paper. 


In  these  quenched  spark  dischargers  there  is,  however,  nothing 
to  rebate  the  rate  at  which  the  sparka  take  place,  and  it  may  be 
very  irregular,  and  hence  the  feehly  damped  trains  of  oscillations 
produced  in  the  secondary  circuit  of  the  oscillation  transformer  will 
be  irregular  aB  to  intervals  and  intensity. 


Fio.  94.— Scheme  of  CircnitB  uaed  with  Ohaffee  Quenched  Spark  Discharger 


Hence  inventors  have  endeavoured  to  supply  means  of  creating  a 
nearly  or  else  quite  closely  sequent  trains  of  feebly  damped  discharges 
following  each  other  closely.     One  such  method  is  due  to  B.  C. 
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Galletti.<^    His  arrangement  is  shown  diagrammatioally  in  Fig.  95. 

Current  is  taken  from  the  supply  mains  of  a  direct  current  system 

at  high  voltage,  say  40,000  volts  generated  by  high  tension  G.G. 

dynamos  in  series.     These  mains  are  represented  in  Fig.  95  by  the 

lines  marked  P  and  N.    Across  these  there  are  a  series  of  induc- 

donless  resistances,   B^,  E2*  ^>  ^^^'>  ^^    series   with    condensers 

Ci,  C2,  G3,  etc.,  and  all  in  series  with  one  common  condenser  Gq. 

Each  condenser  is  shunted  by  a  spark  gap,  T^,  T2,  T3,  etc.,  and  all 

these  gaps  are  in  series  with  an  inductance,  L.    The  condensers, 

therefore,  discharge  across  their  respective  spark  gaps  and  all  through 

the  common  inductance,  L.    The  presence  of  the  common  condenser, 

Cg,  however,  causes  the  condensers  to  discharge  in  sequence  and  not 

simultaneously.    Hence  the  inductance  L  is  always  being  traversed 

by  oscillations  which,  although  not  undamped,  are  yet  practically 

uninterrupted.     Galletti  has  been  able  to  transform  in  this  way  many 

kilowatts  of   power  into  the 

form  of  oscillatory  discharges 

taking  place   10,000  times  a 

second. 

Further      discussion      of 

methods  for  the  production  of 

closely  sequent  discharges  is 

left   for  Ghap.    VII.  of    this 

book  dealing  with  Badiotele- 

graphic  appliances.  -pia.  96.— GaUetti's  ftrrangement  of  Circuite 

In  Galletti's   arrangement     for  the  production  of  Close-order  Disohsrges. 

there  is  nothing,  however,  to 

cause  the  successive  trains  of  oscillations  to  follow  each  other  without 

discontinuity  or  in  step  with  each  other. 

Senatore  Marconi  has,  however,  described  an  ingenious  method 
which  is  based  upon  the  use  of  a  number  of  his  rotating  disc-dis- 
chargers. These  dischargers  are  described  in  detail  in  Ghap.  VII. 
i  18.  Suffice  it  to  say  that  he  employs  a  rapidly  rotating  disc  with 
studs  or  pins  on  its  periphery,  which  rotates  between  fixed  studs  so 
that  a  condenser  circuit  is  closed  and  a  discharge  started  at  regular 
intervals  several  times  during  each  revolution  of  the  disc. 

Suppose,  then,  that  a  number  of  these  studded  discs  are  arranged 
on  a  shaft  insulated  from  each  other,  but  so  set  relatively  to  each 
other  that  the  rotating  discs  all  closed  separate,  but  identical  oscilla- 
tion circuits  successively  and  at  interval  of  time  corresponding  to 
one  complete  period  of  oscillation  of  the  condenser  circuits. 

Then  if  the  secondary  oscillations  are  received  in  a  common  circuit 
as  shown  in  Fig.  96,  it  is  clear  that  the  different  damped  trains  of 
oscillations  can  be  made  to  so  overlap  that  the  joint  effect  is  a 
practically  continuous  or  undamped  oscillation,  as  shown  in  Fig.  97. 

This  system  of  production  of  undamped  waves  is  particularly 
applicable  in  the  case  of  the  very  long  waves  used  in  long-distance 
nuuotelegraphy.  In  this  case  waves  from  5  to  10  miles  in  wave 
length  are  used  which  require  a  frequency  of  40,000  to  20,000.    If, 

•■  See  British  Patent  Specification,  No.  16,497  of  1910.  Improvements  in  or 
nUting  to  the  Production  of  Continuous  Wave  Trains  by  means  of  Primary 
Spark  Circuits. 
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then,  there  were  10  such  discs,  each  having  40 'studs,  and  the  whole 
revolved  3000  R.P.M.  or  60  times  a  second,  we  should  have  the 


Fig.  96. — Marconi  Multiple  Discharger  for  the  production  of  Close-order 

Dischargers. 

interval  between  two  discharges  of  the  separate  condenser  circuits 
equal  to  ^qIqq  of  a  second.    This  would  enable  practically  undamped 

waves    of    10    miles    long    to    be 
created. 

16.  Frequenoy-Changing  by 
Static  Transformers. — In  addition 
to  the  methods  of  producing  un- 
damped high  frequency  currents  by 
the  direct  use  of  extra  high  fre- 
quency alternators  or  the  method  of 

-Ov  jf  \    1 1 1 frequency-raising  employed  in  the 

^     *  ^  Goldschmidt    or    B6thenod    alter- 

nators, another  method  has  been 
developed  in  which  an  alternator 
of  moderately  high  frequency,  say 
10,000,  is  used,  and  this  frequency 
is  raised  by  the  use  of  associated 
static  or  stationary  alternating  cur- 
rent transformers.  Since  the  diffi- 
culties of  constructing  an  alternator 
of  such  moderate  frequency  as 
10,000  are  very  much  less  than 
those  involved  in  making  one  for 
40,000  or  100,000,  this  frequency 
raising  by  static  transformers  has 
been  much  studied.  It  has  been 
Fig.  97.  developed  out  of  an   arrangement 

described  by  M.  Maurice  Joly  in 
1911. ®o      Suppose    that  two    iron    cored  transformers    have    their 

•®  See  La  LumUre  ^lectrique,  vol.  14,  p.  195,  1911. 
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primaries  joined  in  series,  and  their  secondaries  in  opposition  to  each 
other  (see  Fig.  98).  If  the  transformers  are  identical  in  every  way 
then  no  current  will  flow  in  the  secondary  circuit,  because  the  two 
electromotive  forces  balance  each  other. 

Suppose  that  one  of  these  transformers  has  its  core  of  such  size 


Arn 


C 


[By  permiMHon  of  **  The  Inttitute  qf  Radio-Enffineers,*'  New  York, 
Fig.  98. — Joly  method  of  Tripling  Frequency  by  Coupled  Static  Transformers. 

and  wound  with  such  ampere  turns  that  it  is  magnetically  saturated, 
whilst  the  other  is  very  far  from  being  saturated,  when  the  primary 
current  has  attained,  say,  half  its  maximum  amplitude  during  the 
period.  Then  the  wave  forms  of  the  two  secondary  electromotive 
forces  will  be  very  different. 

As  soon  as  the  core  reaches  magnetic  saturation  there  can  be  no 


[Bp  pemiuion  qf  **The  Institute  qf  Radio- Engineen,**  yew  York. 

Fig.  98a. — Production  of  a  Triple  Frequency  Static  Transformer. 

farther  increase  in  the  secondary  electromotive  force  because  the 
latter  depends  upon  the  rate  of  change  of  the  magnetic  flux  in  the  core. 
Hence  for  the  nearly  saturated  core  the  curve  of  secondary  E.M.F. 
will  be  a  flat-topped  curve  b,  whilst  for  the  non-saturated  core  it  vrill  be 
a  peaky  curve  c  as  shown  in  Pig.  98a,  where  the  two  dotted  curves 
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represent  the  wave  forms  of  the  magnetic  flux  in  each  transformer 
respectively.  If,  then,  the  primaries  are  joined  in  series  and  in 
opposition,  and  if  the  change-ratio  of  each  transformer  is  adjusted  to 
give  equal  opposed  secondary  E.M.F/s,  they  will  conspire  to  produce 
a  triple  frequency  E.M.F.  d  in  the  secondary  circuit,  and  this  may  be 
exalted  by  suitably  tuning  that  circuit  with  a  condenser  and  inauc- 
tance  so  as  to  make  it  respond  to  this  frequency.  The  reason  will 
easily  be  seen  from  the  curves  in  Fig.  98a. 

Another  method  was  suggested  by  Epstein  in  1902  and  worked 
out  by  Joly  and  Yallauri  in  lOll.^o  In  this  case  each  transformer 
has  on  it  a  tertiary  circuit  in  which  a  continuous  current  is  made  to 
flow.  The  primaries  P2,  P2  ^re  connected  up  in  opposition  (see  Fig. 
99)  and  the  secondaries  8^,  Sg  also  in  series  and  tuned  by  a  condenser 


[By  permution  <(f  **Th€  InstUuU  of  Madio-Engineert,"  New  Tcrlc. 
Fig.  99. — Joly  method  of  Frequency  Changing  by  Static  Transformers. 


G.    The  battery  B  supplies  the  continuous  current  in  the  tertiary 
circuits. 

The  operation  is  as  follows :  The  continuous  current  is  so  adjusted 
that  taken  alone  it  would  magnetize  the  core  to  a  point  near  to  the 
knee  of  the  magnetization  curve.  Hence  when  the  alternating 
magnetizing  force  is  superimposed  the  wave  form  of  the  flux  in  each 
core  is  a  curve  which  is  flat  in  one  half  period  and  peaky  in  the  other 
half  period  as  shown  by  the  curves  a  and  h  in  Fig.  101,  because  the 
alternating  current  magnetizing  force  is  in  each  semi-period  added 
to,  or  subtracted  from  the  constant  direct  current  magnetizing  force 
represented  by  the  ordinates  of  the  horizontal  lines  in  the  diagram. 
Therefore  when  these  two  flux  changes  act  together  they  produce 
a  double  frequency  flux  variation  as  shown  in  the  curve  c  in 
Fig.  100.     The  wave  forms  of  the  separate  electromotive  forces  due 

'•  See  The  Electrician,  vol.  70,  p.  97, 1912. 
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to  these  flux  changes  in  each  secondary  and  of  the  resultant  double 
frequency  E.M.F.  are  shown  in  f^g.  101. 

The  diagrams  in  Hgs.  98  to  101  are  taken  by  kind  permission  from 


[By  permiitian  of  **  The  JnttituU  tff  Badio-Angineer*^**  New  York. 

Fio.  100. — ^Double  Freqnenoy  Flux  Variation  produced  by  Transformers  arranged 

as  in  Fig.  99.. 

a  paper  on  Badio-frequency  Changers  by  Dr.  Alfred  N.  Goldsmith  in 
the  Proceedings  of  the  Institute  of  Radio  Engineers  of  New  York  rvol.  iii. 
p.  55,  March,  1915),  to  which  the  reader  is  referred  for  further 


Ef-Gft 


[By  ftrmiuUm  of  *«  Tht  InttituU  of  Kadio-SngiMert^'*  New  Tork. 

Fio.  101. — Double  Frequency  E.M.F.  produced  by  Transformers  arranged 

as  in  Fig.  99. 

information.     Another  article  on  Static  Transformers  for  Frequency 
Changing   by  Mr.  A.  M.  Taylor  (see  Journal  of  the  Institution  of 
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Electrical  Engineers  of  LondoD,  vol.  62,  p.  700,  1914  or  The  Electrician, 
vol.  73,  p.  170, 1914)  furnishes  an  account  of  a  method  devised  by  him 
for  obtaining  a  triple  frequency  from  a  3-phase  current  as  follows  : — 


{Reproduced,  by  permittion  of  the  Piroprietorg,from  **  TkeJBlectrician.** 
Fig.  102. — ^Taylor's  arrangement  of  Static  Transformers  for  Tripling  Frequency 

Three  choking  coils  are  placed  in  the  three  phases  of  a  3-phase 
supply,  the  circuits  being  all  connected  with  a  primary  wound  on  a 
common  transformer  (see  Pig.  102). 


Time 


[Beproducedt  by  permUsion  of  the  Proprietore^  from.  **  The  £l«ctriHan.' 

Fig.  103. 
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E.M.F.(mAin^ 


E.M.F^econdd.njj| 


I   driplefrequenct^ 


Fio.  ICM.— 


[Reproduced^  bypermitnon  of  the  Proprietort,  from  ••  The  JOeelrieian.' 


I>iagram  showing  the  operation  of  Taylor*8  method  for  Tripling 
Frequency  by  Static  Transformers. 
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The  secondary  of  this  transformer  will  then  furnish  a  triple 
frequency  single-phase  current. 

The  common  transformer  is  so  wound  that  its  core  is  magneti- 
cally saturated.  The  operation  of  Taylor's  frequency  changer  may 
be  thus  explained  : 

Consider  a  single  transformer  and  choker  (see  Kg.  103),  the 
transformer  having  a  saturated  core  and  the  choker  an  unsaturated 
core.  If  we  then  consider  what  will  happen  if  an  alternating  E.M.F. 
is  supplied  to  the  transformer  primary  in  series  with  the  choker,  it 
will  be  seen  that  the  unsaturated  choker  core  will  supply  at  all  points 
of  the  period  a  back  E.M.F.,  but  that  the  saturated  transformer  core 
will  only  give  a  back  E.M.F.  as  long  as  the  current  is  much  less  than 
the  value  required  for  saturation.  Hence  the  current  through  the 
two  is  very  small  until  it  reaches  a  certain  value  during  the  phase. 
It  then  rushes  up  and  hence  gives  a  wave  form  with  pronounced 
peak.  Accordingly  the  secondary  current  consists  of  a  to-and-fro  flow 
or  complete  wave  of  lesser  period  than  the  primary  and  also  of  a 
silent  period  between  these  secondary  waves.  Hence  as  a  single- 
phase  arrangement  it  is  not  practicable.  If,,  however,  3-phase 
currents  are  employed  and  the  secondary  currents  received  into  a 
common  secondary  circuit  (see  Fig.  104),  then  they  are  displaced  so 
that  the  resultant  secondary  current  is  a  complete  alternating  current 
of  three  times  the  frequency  of  the  primary  S-phase  current. 

In  this  manner  a  3-phase  current  of  frequency  25  can  be  trans- 
formed into  a  single  phase  current  of  frequency  75  suitable  for 
lighting  purposes. 

Taylor  also  proposed  by  the  use  of  9  phases  and  9  chokers  to  create 
a  nine-fold  frequency  current,  using  a  polyphase  alternator  of  suitable 
wave  form  to  compress  each  secondary  alternation  into  a  period  of 
I  of  that  of  the  primary. 

Although  this  method  of  frequency-changing  by  static  transformers 
is  practicable  and  has  come  into  some  use  in  connection  with  wireless 
telegraphy,  it  has  disadvantages  in  the  unavoidably  large  dissipation 
of  energy  in  the  iron  cores,  unless  these  are  very  specially  constructed, 
which  increases  rapidly  with  the  frequency.  Also  for  high  frequency 
we  have  dielectric  losses  in  the  insulation  of  the  wires  which  may  be 
very  considerable. 

Nevertheless  it  is  practicable  by  a  double  tier  of  pairs  of  static 
transformers  arranged  on  Joly's  plan  to  quadruple  the  frequency  of 
an  alternator  and  so  produce  a  current  having  a  frequency  high 
enough  for  radio-telephony. 
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CHAPTER  II 

HIGH  FREQUENCY  ELECTRIC  MEASUREMENTS 

1.  The  EsBential  Differ enoe  between  High  and  Low  Frequency 
Electric  MeasnrementB.   High  Frequency  Electric  Reeietuice.— 

The  measurement  of  high  frequency  electric  currents  and  potentials 
and  other  specific  qualities  of  electric  conductors  and  insulators,  when 
subjected  to  the  action  of  electric  oscillations,  to  a  considerable  extent 
calls  for  the  employment  of  special  instruments  and  methods.  The 
processes  and  means  used  for  the  measurement  of  low  frequency 
alternating  electric  currents  and  potentials  are  not  always  applicable 
or  correct  if  applied  in  high  frequency  measurements.  The  cardinal 
reason  for  the  difference  between  the  two  cases  is  to  be  found  in  the 
fact  that  a  high  frequency  current  does  not  penetrate  into  the  interior 
of  a  thick  soUd  metalUc  conductor  of  good  conductivity,  but  is  a 
surface  effect.  Furthermore,  inductances  and  condensers  act  towards 
high  frequency  currents  in  a  manner  quite  different  from  that  in 
which  they  act  towards  continuous  or  low  frequency  currents.  A 
coil  of  wire  of  many  turns  may  act  as  an  almost  complete  barrier 
to  electric  oscillations,  and,  on  the  other  hand,  a  condenser  which, 
when  interposed  in  a  circuit,  will  either  prevent  or  reduce  the  flow  of 
a  continuous  or  low  frequency  current  may  actually  increase  the 
current  if  inserted  in  a  high  frequency  circuit. 

As  we  are  much  concerned  when  dealing  with  electric  oscillations 
with  the  resistance,  inductance,  and  capacity  of  circuits  in  which 
rapidly  reversed  electromotive  forces  exist,  it  is  necessary  to  consider 
in  the  first  place  the  manner  in  which  these  qualities  are  affected  by 
the  frequency. 

Every  electric  circuit  consists  of  a  so-called  conductor,  immersed 
in  an  insulating  material  or  non-conductor.  When  traversed  by 
an  alternating  current  there  are  five  qualities  of  the  circuit  to  be 
considered : — 

(i)  The  resistance,  or  reciprocally  the  conductance  of  the  conductor. 

(ii.)  The  inductance  of  the  conductor,  depending  on  its  geometrical 
form,  material,  and  the  nature  of  the  surrounding  insulator. 

(iii)  The  capacity  of  the  conductor,  depending  on  its  position  with 
regard  to  the  return  circuit  and  other  circuits,  and  on  the  nature 
(dielectric  constant)  of  the  insulator  surrounding  it. 

(iv.)  The  dielectric  conductance,  or  reciprocally  the  insulation  resistance 
of  the  insulator. 

(v.)  The  energy  dissipating  power,  due  to  causes  other  than  con- 
ductance (such  as  the  dielectric  hysteresis)  which  exist  in  the  insulator 
or  dielectnc.1 

^  Under  this  heading  we  mnat  also  include  such  sources  of  energy  dissipation 
as  brush  discharges  through  the  air  over  the  surface  of  the  dielectric  or  between 
condactors. 
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The  resistance  of  a  circuit  may  be  defined  as  that  quality  of  it  in 
virtue  of  which  energy  is  dissipated  as  heat  when  a  current  flows 
through  it.  The  ordinary  volume  resistivity  is  the  resistance  per  unit 
cube,  M.  of  one  centimetre  cube  under  uniform  electric  current  flow 
between  opposed  faces. 

The  resistance  under  the  action  of  uniform  current  flow  may.be 
called  the  steady  resistance  and  will  be  denoted  by  B. 

The  power  dissipated  as  heat  in  a  conductor  of  steady  resistance 
B  when  a  uniform  unidirectional  current. A  is  flowing  through  it  is 
measured  by  A^B,  and  the  resistance  B  may  therefore  be  defined  as 
the  quotient  of  the  total  energy  dissipation  per  second,  viz.  A^B,  by 
the  square  of  the  current  A. 

In  this  case  the  current  is  uniformly  distributed  over  the  cross- 
section  of  the  conductor,  that  is,  has  uniform  current  density.     If, 


Fia.  1. 


however,  the  current  density  is  non-uniform  over  the  cross-section, 
we  have  to  define  the  resistance  as  follows : — 

Let  the  conductor  have  a  cross-section  of  any  shape  and  a  dis- 
tribution of  current  density,  c,  over  it  in  any  manner.  Then  let 
dx  dy  be  an  element  of  area  of  the  cross-section  the  co-ordinates  of 
which  are  x  and  y  (see  Fig.  1). 

The  current  through  the  area  is  c  dx  dy^  and  if  p  is  the  resistivity 

of  the  material  of  the  conductor  supposed  constant,  then  i      |     pc^  dx  dy 

is  the  expression  for  the  total  heat  generated  per  second  in  unit  length 

of  the  conductor. 

rx^  ry^ 
Also  the  expression  /      /      cdxdy  is  the  value  of  the  total  current 

•^  a-i^  yi 
through  the  conductor,  j-^,  Xz,  y^j  and  y^  being  certain  limits  of  the  area 
of  cross-section.    It  is  always  possible  to  find  a  quantity  B'  such  that — 
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E'lPp«^.,r-pf''%.M.* ...  (I) 

'■>  XiJ  ffi  I       J  x^J  yi 

and  this  quantity  B'  may  be  called  the  raBistanoe  for  Don-unifonn 
current  density  over  the  cress- eection. 

It  can  be  proved  by  a  simple  applioation  of  the  Calculus  of  Varia- 
tions that  under  the  condition  that  the  total  current  is  oonstant,  K' 
has  a  minimum  value  B  when  r  is  constant.    In  other  woids,  that 
the  steady  resistance  is  the  minimum  resistance.     In  the  ease  of 
high  frequency  currents  the  distributiou  of  the  current   is   non- 
uutoim  over  the  cross-section,  and  B'  may  then  be  called  the  high 
frequency  resistance.     It  is  easy  to  show  that  the    resistance  for 
noD'aniform  current  density  is  greater  than  the  resistauce  for  uni- 
form current  density  without  the  applioation   of   any  mathematics. 
Imagine  that  the  cross-section  of  the  conduotor,  supposed   square, 
is  divided  up  into  elements  of  area,  and  that  each  filamentary  oon- 
duotor  into  which  we  may  suppose  the  whole  conductor  thus  divided 
has  the  same  resistance,  and  carries  the  same  traction  of  the  total 
current.     Then   we   have   equal   carrents 
density  as  indicated  by  the  unUorm  shading 
in  Fig.  2.     Imagine  that  the  current  is  re- 
moved from  one  filament  and  added  to  that 
in  another.     Then  the  total  current  is  not 
altered,  but  the  heat  generated  in  the  first- 
named  filament  becomes  zero,  and  in  the 
other  fonr  times  what  it  was  before.  Accord- 
ingly, the  total  heat  generation  is  increased, 
although  the  total  current  is  not  altered. 
The  resistance  of  the  conductor  as   above 
defined  is  therefore  increased  by  any  change 
in    the  distribution  of  the   current  which  tio-i!, 

makes  its  density  non-uniform  over  the 

cross-section.  Moreover,  by  this  mode  of  viewing  the  phenomena  it 
is  easy  to  see  that  any  distribution  of  current  density  which  is  non- 
symmetrical round  the  periphery  of  the  conductor  is  also  a  cause 
of  increased  resistance  as  compared  with  that  corresponding  to  a 
symmetrical  distribution  of  current  density.  Accordingly,  not  only 
is  the  resistance  of  a  straight  aohd  conductor  greater  for  high  fre- 
quency oeclUatioDS  than  for  continuous  currents,  but  the  resistance 
of  a  spiral  or  helix  of  wire  for  high  frequency  currents  is  greater  than 
that  of  the  same  wire  when  stretched  out  straight,  because  in  the 
first  case  the  current  density  is  greater  at  the  periphery  of  the  wire 
than  at  the  centre,  and  in  the  second  case  the  peripheral  distribution 
is  non-uniform  owing  to  the  fact  that  the  estemal  distribution  of 
field  is  non-uniform,  being  greater  on  the  interior  parts  of  the  solenoid 
than  on  the  outside. 

In  dealing  with  high  frequency  alternating  currents,  we  are 
presented  in  a  marked  degree  with  the  phenomenon  of  akin  or  aurfuce 
eonceniraiion  of  the  current. 

When  a  conductor  is  acted  upon  by  an  alternating  electromotive 
force,  the  current  does  not  spring  into  existence  at  all  parts  of  the 
cross-section  of  the  conductor  instantly,  but  is  created  first  at  the 
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surface  and  diffuses  inwards.^  The  mathematical  law  according  to 
which  this  diffusion  takes  place  is  the  same  as  that  which  controls 
the  penetration  of  magnetic  flux  into  an  iron  har,  when  it  is  exposed 
to  a  magnetizing  force,  by  being  surrounded  by  a  coil  through  which 
a  current  is  passed. 

The  propagation  of  magnetic  flux  through  ferromagnetic  substance 
is  effected  by  a  process  which  is  in  every  way  analogous  to  the 
diffusion  of  liquids  into  one  another,  or  to  the  transference  of 
temperature  through  a  conductor — ^that  is,  as  Lord  Kelvin  has  called 
it,  to  the  thermometric  conductivity .8  These  two  last-named  processes 
are  mathematically  described  by  differential  equations  of  the  same 
form  as  those  which  determine  the  propagation  of  magnetic  flux,  or 
of  an  electric  current  into  a  conductor. 

In  the  case  of  magnetic  flux,  this  rate  of  diffusion,  as.  Mr.  Oliver 
Heaviside  has  shown,  is  inversely  as  the  electric  conductivity  and 
inversely  as  the  magnetic  permeability  of  the  material. 

Consider  the  case  of  a  cylinder  of  iron  placed  parallel  to  the  lines 
of  flux  in  a  uniform  magnetic  fleld,  say  in  the  interior  of  a  long 
solenoid  traversed  by  a  current.  If  we  suppose  the  iron  suddenly 
introduced  into  the  uniform  field,  the  magnetic  flux  seems  to  penetrate 
into  it  through  its  surface,  and,  so  to  speak,  soaks  more  or  less  slowly 
into  the  mass. 

A  very  elegant  demonstration  of  this  fact  was  afforded  by  experi- 
ments described  by  Dr.  J.  Hopkinson  and  Professor  E.  Wilson  some 
years  ago.^  It  was  then  experimentally  proved  that  the  application 
of  a  magnetizing  force  to  a  cylinder  of  iron  resulted  in  the  slow 
propagation  of  the  magnetic  flux  into  the  iron  from  the  surface 
inwards,  and  it  was  pointed  out  that  the  time  required  to  estabhsh 
the  practically  steady  or  uniform  state  of  flux  in  the  iron  varies  as  the 
square  of  the  diameter  of  the  cylinder.  Hence  it  follows  that  if 
the  cylinder  of  iron,  or  any  other  conductor,  is  placed  in  a  rapidly 
alternating  magnetic  field,  the  magnetic  flux  never  quite  penetrates 
to  the  centre  of  the  mass  of  metal  if  its  diameter  exceeds  a  certain 
value.  The  alternation  of  magnetic  force  results  in  the  flux,  so  to 
speak,  being  recalled  before  it  has  time  to  estabhsh  itself  throughout 
the  whole  mass  of  the  metal.  A  similar  effect  can  take  place  with 
heat.  If,  for  instance,  a  poker  is  placed  in  the  fire,  the  outer  surface 
heats  up  first,  and  after  a  certain  time  all  parts  of  the  cross-section 
of  the  poker  where  it  is  exposed  to  the  heat  come  to  very  nearly  the 
same  temperature.  If  it  is  then  removed,  the  outer  surface  cools 
first,  but  after  a  time  it  gets  cool  all  through.     If  it  is  heated  and 

'  See  Stefan,  Sitgungsberichte  der  Wiener  Akad,  der  Wissenschaftt  1887,  vol.  95, 
port  ii.  p.  917 ;  also  Oliver  Heaviside,  *'  Electromagnetic  Theory,"  vol.  1.  p.  345  etseq, 

'  If  i;  is  the  temperature  at  any  point  having  abscissa  a;  in  a  thin  rod  which 

has  a  thermal  conductivity,  /c,  and  a  thermal  capacity,  c,  then  the  well-known 

equation  of  Fourier  which  determines  the  temperature  at  any  place  and  time  is 

d^v       dv 
k^—2=  c^  assuming  the  constancy  of  k.      An  identical  differential  equation 

expresses  the  law  of  diffusion  of  liquids  or  gases  and  the  propagation  of  electric 
potential  along  a  submarine  cable  as  pointed  out  by  Lord  Kelvin.  See  Report  of 
the  British  Association,  1888,  p.  671. 

*  See  J.  Hopkinson,  "  Propagation  of  Magnetization  in  Iron,"  Journal  of  the 
Institution  of  Electrical  Engineers,  1895,  vol.  28,  p.  194. 
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cooled  alternately  and  rapidly,  it  will  be  hotter  on  the  sorfaoe  than 
in  the  middle.  The  heat  wiU  not  have  time  to  go  far  in  before  it  is 
conipelled  to  retnm. 

SimUaily,  if  an  electromotive  force  acts  upon  a  conductor,  the 
current  begms  at  the  surface  and  soaks  inwards.  If,  therefore,  the 
electromotive  force  is  periodic  or  alternating,  the  current  more  or  less 
is  confined  to  the  outer  skin  or  surface  of  the  conductor,  and  the 
higher  the  frequency  the  less  does  it  penetrate.  In  the  case  of  very 
high  frequency  currents,  if  the  conductor  is  a  fairly  good  conductor 
the  current  exists  in  a  mere  surface  layer  or  skin.  Accordingly  the 
resistance  B'  measured  as  above  defined  may  have  a  much  greater 
numerical  value  in  the  case  of  high  frequency  alternating  currents 
than  in  the  case  of  steady  or  non-periodic  currents. 

We  have,  therefore,  to  distinguish  between  the  resistance  to  steady 
currents,  the  resistance  to  low  frequency  alternating  currents,  the 
resistance  to  very  high  frequency  currents,  and  a  fourth  case  presents 
itself  when  we  consider  damped  high  frequency  oscillations. 

The  full  mathematical  discussion  of  the  subject  would  occupy  too 
much  space.  We  can  only  indicate  the  mode  of  treatment  in  outline 
and  refer  the  reader  to  various  sources  for  additional  information. 

If  there  be  any  conductive  medium  having  resistance  per  unit 
volume  p  and  in  which  currents  are  being  established  under  the* 
action  of  electromotive  force,  then  we  have  to  consider  the  following 
variables : — 

(i.)  The  electric  current  density  with  rectangular  components  ti, 
tr  at  any  point  in  the  medium, 
ii.)  The  electric  force  with  components  X,  Y,  Z. 
m.)  The  magnetic  force  with  components  a,  j3,  y. 

(iv.)  The  magnetic  flux  density  or  induction  with  components  a, 
by  c. 

The  relations  between  these  quantities  will  be  more  fully  discussed 
in  Chap.  V.  They  are  expressed  in  the  equations,  a  =  /lux,  X  s  /hi, 
and  two  similar  equations  in  6,  j3,  Y  and  r,  and  r,  y,  Z  and  w,  where 
/A  is  the  magnetic  permeability.  We  have  then  two  other  sets  of 
three  important  equations  which  are  called  the  Maxwellian  equations, 
viz. — 

da        (dw      dv\  /o\ 

4irM  =  -r- — ^ (3) 

dy      dz 

and  four  other  symmetrical  equations  in  ?/,  r,  i/',  a,  j3,  y,  which  will 
be  further  discussed  in  Chap.  V.  They  express  in  symbolic  form 
Earaday's  law  of  induction,  and  the  fact  that  the  line  integral*  of 
magnetic  force  round  an  element  of  area  is  equal  to  4^  times  the 
current  through  the  area.  Differentiating  the  last  equation  with 
respect  to  time,  and  remembering  that  there  can  be  no  concentration 
of  current  at  any  point,  which  is  expressed  by  the  relation — 

du      dv      dir  _  ^ 
dt  ^  dy  ^  dz 


I 
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we  reach  without  difficulty  an  equation  of  the  form — 

and  two  similar  equations  in  v  and  tv  (see  Jeans,  Electricity  and 
Magnetism,  §  535,  p.  466). 

These  equations  are  identical  with  those  first  given  by  Fourier  for 
the  diffusion  of  heat  into  a  body,  and  they  show  that  the  establish- 
ment of  electric  currents  in  a  conductor  obeys  the  same  law  of 
dififusion,  and  that  it  begins  at  the  surface  of  a  conductor  and  soaks 
inwards  by  a  process  analogous  to  the  conduction  of  heat.  The 
solution  of  these  equations  in  the  electrical  case  has  been  considered 
by  Maxwell  (see  Electricity  and  Magnetism,  vol.  ii.  §  690),  by  Oliver 
Heaviside  (see  Electrical  Papers,  voL  ii.  p.  64),  and  by  Lord  Kelvin 
(see  Mathematical  and  Physical  Papers,  vol.  iii.  p.  491),  and  more 
recently  by  Dr.  A.  Kussell  (see  Phil,  Mag],  April,  1909,  p.  524). 

To  apply  them  to  the  case  of  a  straight  wire  of  cylindrical  form 
with  circular  cross-section  we  may  take  the  axis  of  the  wire  as  the 
s-axis  and  then  the  second  dififerential  coefficient  of  u  with  respect  to 
z  becomes  zero.  Also  if  r  is  the  radius  of  the  circular  cross-section 
then  r*  =  aj2  -[-  y^  and  rdr  =  icdx  -{-  ydy. 

We  can  then  transform  the  variables  and  easily  prove  that 

dht     d^u  ^  d^u      Idu 
l^^d^^dr^'^r'dr 

On  the  assumption  that  t/  is  a  simple  sine  function  of  the  time  in 
which  u  varies  as  the  real  part  of  ^  equation  (4)  becomes — 

d^u  .  1  du     {^iTu,  .  \        ^ 

——4'-'   -7-  —I  -JP]U=:0    .    .    . 

dr^  '  rdr     \  p   -^^ ) 

Since  then  du/dt  =  jpu. 

This  last  equation  is  a  form  of  BesseFs  Equation,  viz. — 

d^u      Idu  .     ,         ^ 
W^  +  -rrr  +  ''"''  =  ^ 

The  solution  of  the  above  equation  cannot  be  found  in  finite 
terms,  but  is  expressed  by  the  Bessel's  Series — 

_         (ar)^       jar)^  (ar)« 

22    +22.42      22.42.62  +  ®^- 

This  series  is  denoted  by  Jq  {ar)  and  is  called  a  Bessel's  function 
of  the  Zeroth  order. 

In  our  c&sea=j^_j^^f^?-=^j-l^^in^P  since  0-1)2=  _2y. 

It  is  clear  from  the  definition  of  resistance  given  above  that  the 
high  frequency  resistance  per  unit  of  length  of  the  wire  (K')  is  given 
by  the  expression 

f  urdr 
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where  r'  is  the  radius  of  cross-section  of  the  wire  and  u  is  the 
current  density. 

The  steady  current  resistance  B  per  unit  of  length  is  p/7rr^. 

Hence  we  have — 

r^'{J,(ar)}^rdr 


R 


=  7rr2 


OM)rdr 


0     0 


The  ahove  integral  is  difficult  to  evacuate. 
Lord  Kelvin  reduced  it  to  the  form  ^ — 

R'      q    her,  q  bei/  q  —  bei.  q  her,'  q 

R"""2'         {her:  qY  +  {fei:  q)^  •     -     •     • 

where  the  accents  denote  dififerential  coefficients,  and  her,  q  and  hei,  q 
stand  for  the  following  series : — 


(5) 


/»4 


^ 


y2 


***•  *  ~  22  ~"  22 .  4* .  62 
The  symbol  q  denotes  ird^^zl 


22 .  42  T^  22 .  42  .  62  .  82 
4« 


—  etc. 


+  etc. 


where   d  is   the  diameter    of   the  wire,   p  the  resistivity   of    the 
material,  and  n  the  frequency  of  the  oscillations. 

In  Dr.  Russell's  discussion  of  the  same  problem  he  denotes 
the  function  her.  q  bei.'  q  —  bei.  q  her!  q  by  W(^),  and  the  function 
(her:  qY  +  {bei:  q)^  by  Y  {q).  So  that  the  ratio  of  the  alternating  to 
the  steady  current  resistance  in  this  notation  is  given  by  the 
formula — 

R""2'  Y(^) ^  ' 

The  numerical  values  of  this  ratio  for  various  values  of  q  were 
calculated  for  Lord  Kelvin  by  Dr.  Magnus  Maclean,  and  are  given  in 
the  table  below. 


VAI.UE8  OP  -,    r=  ^ 
ii 


q  her,  q  bei.'  q  —  bei.  q  ber:  q 
2         {ber.'  q)*  +  (be%7q)* 


00 

10000 

0-5   i 

1-0000 

1-0 

1-0001 

1-6 

1*0258 

20 

10605 

2-6 

1-1747 

SO 

1-3180 

3-6 

1-4920 

4-0 

* 

1-6778 

4-5 

50 

5-5 

60 

80 

10-0 

150 

20-0 


1-8628 
2-0430 
2-2190 
2-3987 
8*0956 
3-7940 
6-5782 
7-8250 


*  S«e  Journal  of  the  Institution  of  EUctrical  Engineers  of  London,  1889,  vol. 
18,  p.  35,  Lord  Kelvin,  "  Presidential  Address  on  Etner,  Electricity,  and  Ponder- 
able Matter." 
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To  use  this  table  we  proceed  as  follows : — 

Consider  a  copper  wire  having  a  diameter,  say,  of  0-3  cm.  and 
therefore  a  circmnference  c  ^  nd  oi  1*24  cm.  Then  for  copper 
p=1700  (nearly),  and  if  we  take  ;*=  106  ^e  have — 

q  =  ^d^^=l-2i^^^^l3-5  (nearly). 

By  interpolation  we  find  that  corresponding  to  this  value  of  q, 
we  have  ^  =  5'04  (nearly),  or  the  high  frequency  resistance  is  more 

than  5  times  the  steady  resistance. 

Lord  Bayleigh  also  extended  a  formula,  first  given  by  Maxwell, 
for  calculating  the  resistance  of  nearly  straight  conductors  for  alter- 
nating currents  of  low  and  high  frequency  when  the  variation  follows 
a  simple  sine  law.^ 

Let  B  be  the  resistance  to  steady  currents  of  any  straight  con- 
ductor of  circular  cross-section,  let  I  be  its  length,  and  /x  the  magnetic 
permeability  of  the  material  of  the  wire.  Lord  Bayleigh  showed  that 
the  resistance  B'  to  alternating  currents  in  terms  of  B  and  the 
constants  can  be  expressed  by  the  series — 

R'  _  R  Tl  +  1   J^^/^'  1      Z**'*/**   ,    „te  ) 

^-®V^  +  I2"R2 180-"R*    +®**'7 

where  p  =  27r  times  the  frequency  n. 

When  dealing  with  non-magnetic  material  sach  as  copper,  for 
which/*  =  l.wehavfr— 

If  the  conductor  is  a  circular-sectioned  uniform  wire  of  length 

/  and  diameter  d  made  of  a  material  of  resistivity  p,  then  B  =  -^. 

--,  /      nd^      ,  pi     nn^d^ 

Hence  •:==-  =  —  and  =r  =  — tz —  • 
B      4p  B        2p 

Accordingly  we  then  have — 

nn^d^ 
Let  the  quantity be  denoted  by  h  so  that  h  is  the  product  of 

P 
the  square  of  the  circumference  c  of  the  round  wire,  the  frequency 

and  the  specific  conductivity  or  h=  — .    The  above  expression  (7) 

may  then  be  written  in  the  form — 

*  See  Lord  Bayleigh  on  '*The  Self-induction  and  Resistance  of  Straight 
Conductors,"  PhUosqphical  Magcuiine,  ser.  v..  May,  1886,  vol.  21,  p.  881 ;  also 
J.  A.  Fleming,  "  The  Alternate  Current  Transformer,"  vol.  i.  p.  294. 
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This  formula  for  the  ratio  of  the  high  frequency  to  the  steady 
resistance  is  applicable  ivhen  his  less  than  unity.    The  variable  being, 

not  »,  d,  or  p  taken  alone,  but  the  above  quantity  h  =  — .    It  is  clear 

that  2A  is  the  same  quantity  as  that  which  Lord  Kelvin  denotes 

by  g'^. 

The  above  series  is,  however,  not  suitable  for  the  calculation  of 

5.  when  the  value  of  h  is  greater  than  about  5,  as  it  is  too  slowly 

convergent. 

To  meet  this  last  case,  Lord  Rayleigh  shows  (loc.  cit.)  that  the 
value  for  R'  for  very  high  frequencies  is  given  by  the  expression— 

R'  =  Vfc>pl (9) 

If  S  is  the  cross-sectional  area  of  the  conductor,  then — 

R=e^ 
^    s 

where  p  is  the  resistivity  or  the  ordinary  steady  specific  resistance. 

If  the  conductor  has  a  circular  section  of  diameter  d,  S  =  -j-, 
we  have — 

/pumd^ 
or    R'  =  RV     8^ 

Furthermore,  if  the  material  of  which  the  conductor  is  made  is 
non-magnetic,  then  /x  =  1,  and  if  it  is  of  copper,  then  p  =  1640  at 

nd^ 
ordinary  temperatures.      Hence,  writing  as  above,  h  for  —  where 

c  s  m?  ss  the  circumference  of  the  wire,  Lord  Bayleigh's  formula 
takes  the  form — 

^  =  iVA  =  ^?  =  0-3536j   ....    (10) 

where  q  is  the  expressions^/  ^  as  used  in  Lord  Kelvin's  formula. 

R' 
If  we  plot  the  values  of  ^  given  by  Lord  Kelvin's  formula  in  the 

above  table  in  terms  of  9,  we  find  they  lie  nearly  on  a  straight  line 

from  ^  =  3  to  ^  =  20  and  upwards,  but  f or  ^  =  0  to  ^  =  1  the  value 

R'  R' 

of  ^  is  nearly  unity.    If  we  plot  the  values  of  ^  as  given  by  Lord 

Bayleigh's  formula  (10)  we  find  they  also  lie  on  a  straight  line, 
inclincNi  at  a  very  small  angle  to  the  Kelvin  fine  between  the  limits 
^=3,  ^  =  20  andj  upwards.  Within  these  limits  the  vertical  distance 
between  the  two  is  nearly  0*3.     Hence  we  have  the  following  practical 
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rule  for  the  high  frequency  resistance  of  round  wires.  Calculate  for 
the  given  wire  the  value  of  q  or  of  h.  If  q  lies  between  3  and  20  or 
h  between  5  and  200  and  upwards,  then  the  ratio  of  the  high  frequency 
to  the  steady  resistance  is  tfery  nearly  given  by  the  semi-empirical 
formula — 


?^  =  ^  +  0-3  =  0-3536^  +  0-3  .     .     .    .    (11) 


B 

If,  however,  q  is  less  than  3  or  A  is  small,  we  must  employ  the 
series  given  by  Lord  Rayleigh  as  in  formula  (8)  above.  Thus,  for 
example,  if  we  have  a  copper  wire  of  circular  section  1  cm.  in  circum- 
ference, or  about  ^  of  an  inch  in  diameter,  and  consider  a  frequency 

as  low  as  n  =  1000,  then  h  =  :r^^  =  0*625  (nearly). 

Since  this  is  less  than  unity,  the  formula  (8)  must  be  used,  and 
we  have — 

Hence  the  resistance  to  currents  of  this  frequency  is  now  1  per 

cent,  greater  than  its  steady  resistance.     If,  however,  the  frequency 

106 
n  =  10«,  then  we  should  have  h  =  ynTTi  or  nearly  625.     Since  this  is 

vastly  greater  than  unity  we  must  now  employ  the  formula  (10),  and 
since  jV^  =  12  5  we  have — 

or  the  high  frequency  resistance  for  currents  of  the  above  frequency 

is  12*5  times  the  steady  resistance. 

If  the  copper  wire  was  only  1  mm.  in  circumference,  equal  to 

1^  inch  in  diameter,  then   for  a  frequency  of  10<*  we  should  have 
100  i         ^  ^, 

h  =  -zr^  =  6\  and  VA  =  2*5,  and  we  should  have  ^  =  1*25,  or  the 

high  frequency  resistance  would  be  25  per  cent,  in  excess  of  the  steady 
resistance.  If  the  wire  were  still  smaller,  say,  0*1  mm.  in  circum- 
ference, or  about  ^  inch  in  diameter,  then  h  would  be  only  ^,  and 
the  formula  (10)  is  no  longer  applicable,  but  we  must  employ  (8), 
which  gives  us — 

R"""  -^  +  iSVie)  ~ 2880V16)  '  ®^''' 

=  1  + 


12,300 


Accordingly,  for  such  small-sized  wires  there  is  no  diflference 
between  the  high  frequency  resistance  and  the  steady  resistance.  In 
practice  we  may  consider  that  for  a  wire  as  small  as  No.  40  S.W.G. 
this  equaUty  exists. 

It  should  be  noted  that  all  the  above  formulsB  are  only  applicable 
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to  straight  or  slightly  curved  round- sectioned  copper  or  other  non- 
magnetic wires. 

A  very  full  discussion  of  the  formuke  for  the  effective  resistance 
and  inductance  of  circular  wires  has  been  given  by  Dr.  A.  Bussell.7 
He  considers  the  case  of  a  concentric  main  consisting  of  one  tube 
within  another  which  becomes  that  of  a  simple  straight  solid  round 
wire  when  the  inner  tube  is  solid  and  the  outer  tube  of  infinite 
radius. 

E' 
Dr.  A.  Bussell  has  given  a  formula  for  the  ratio  of  15-  for  the  solid 

Jtv 

round  wires  exact  for  values  of  q  greater  than  6,  as  follows : — 

B~2JV2'^2j  +  8V2i?2      2V2W   ■     ■    ■    ^     ' 
=  0-3636J  +  0-25  +  ^-^f  -  ^     .    .    .    (13) 

where  q  has  the  same  meaning  as  in  Kelvin's  formula.  When  q 
has  a  value  of  100  or  upwards  Dr.  Russell's  formula  reduces  to 
0-36365'  +  0-25,  which  is  nearly  identical  with  the  formula  (11). 

Dr.   Eussell's  formula  for  the  resistance  of  a  straight  circular-   » 
sectioned  non-magnetic  wire  can  easily  be  put  into  the  form — 

R-   2   ■^4"^32Va      i^hVh   '     '     '     '     ^^*^ 
where  2h  =  q'^,  and  if  we  compare  this  with  the  formula  (10)  given 

by  Lord  Rayleigh,  viz.  ^  =  -^,  it  will  be  seen  that  for  large  values 

of  h  the  first  two  terms  of  the  Russell  formula  are  sufiSicient  to  give 

R' 
a  close  value  for  r^y  and  also  that  the  formula  (11)  given  by  the 

xv 

author  is  then  almost  equivalent.     In  general,  for  values  of  h  above 

10  we  may,  for  most  practical  cases,  employ  the  formula — 

^  =  ^'  +  0-25 (16) 

The  above  formula  is  of  very  great  use  in  calculating  quickly 
the  high   frequency  resistance  R'  of  round  solid  copper  wires  of 

diameter  d  cms.,  provided  that  the  quantity   ^  .-^   has  a  value  much 

IbOO 

greater  than  unity,  and  also  that  the  wire  in  question  is  sufi&ciently 

far  from  all  other  parts  of  its  circuit,  so  that  there  is  no  disturbance 

of  the  uniform  peripheral  distribution  of  the  current  in  it.     Thus  the 

resistance  of  a  No.  16  S.W.G.  copper  wire  0-160  cm.  in  diameter  for 

oscillations  of  frequency  10^  is  7*4  times  greater  than  its  ordinary  or 

steady  current  resistance. 

'  See  Dr.  A.  Russell,  "  The  Efieotive  BeBistance  and  Indactanoe  of  a  Con- 
centric Main  and  Methods  of  Computing  the  Ber.  and  Bet.  and  Allied  Functions,'* 
Phil  Mag.,  April,  1909,  p.  524. 
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Again,  consider  the  case  of  a  copper  rod  of  circular  section  and 
1  cm.  in  diameter.  Let  the  frequency  of  the  oscillations  be  ICH'.  We 
have  then  in  the  above  formula  (15)  to  put  d=  1  and  n  =  1(M*.     Then 

Vn  =  103  and  R'  =  40R  nearly.  Hence,  for  this  frequency  a  thick 
copper  rod  may  have  an  effective  resistance  40  times  its  steady  resist- 
ance. This  rule,  however,  cannot  be  applied  to  stranded  conductors, 
as  then  the  current  is  more  or  less  independently  started  in  each 
separate  strand,  and  the  alternating  resistance  will  be  less  than  that 
given  by  the  above  formulae  for  solid  conductors. 

We  see,  therefore,  that  in  the  case  of  thick  solid  wires  a  serious 
error  may  be  committed  if  we  neglect  the  difference  between  the  high 
frequency  alternating  current  resistance  and  the  steady  resistance  in 
calculations  connected  with  electric  oscillations. 

There  is,  moreover,  a  small  additional  increase  if  the  high  frequency 
currents  consist  of  trains  of  damped  oscillations.  This  case  has  been 
considered  by  Dr.  E.  H.  Barton.^  He  takes  the  damped  oscillation 
to  be  represented  by  an  expression  of  the  form — '■ 

»  =  A€-*P*cos^^ (16) 

where  €  is  the  base  of  Napierian  logarithms  and  k  the  damping 
factor. 

In  the  case  of  simple  harmonic  motion,  all  the  quantities  vary,  as 

^  where  y=\/ —  1,  but  for  damped  oscillatory  motion  they  vary  as 

gCJ-  >  If  ^e  take  R"  to  represent  the  resistance  of  the  conductor 
to  damped  oscillations,  and  R  as  before  for  the  steady  resistance,  then 
Dr.  Barton's  formula  for  R"  in  terms  of  R  is — 

W-R^i-Li±*!  y^^V^  ,  *(1~A;2)  p^  l--2k^-3k^  p^) 
^~    r"^     12     •    R2    +      24      -"Rs"""  180  "    R*   5 

If  we  put  A;  =  0  in  the  above  expression,  it  becomes  Lord 
Rayleigh's  formula. 

If  we  make  p  very  large  in  the  above  expression,  and  write  s  for 


Vi  +  k^t  aiid  cot  0  for  k,  or  cos  -  =\/^  ^  o     -  =\/^  "'  ^®  ^®^ 


e"=e(VT') 


e 

cos  2 


4pZ 
but  since  R  =  -^,  we  have — 

nd^ 


E"  =  Rv/-^-(VMnfc) (17) 

The  expression  (17)  only  differs  from  that  given  by  Lord  Rayleigh 
by  the  factor  ^VT+X  When  A;  =  0,  «  =  1,  and  the  factor  becomes 
unity. 

The  product  ip  is  the  same  as  that  which  in  a  previous  section 

*  See  Dr.  E.  H.  Barton,  "  On  the  Equivalent  Besistance  and  Inductance  of  a 
Wire  to  an  Oscillatory  Difloharge,"  Proc.  Phya.  Soc.,  Land,,  1899,  vol.  16,  p.  409, 
or  Phil,  Mag.f  1899,  ser.  v.  vol.  47,  p.  438. 
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(see  §  2,  Chap.  I.)  we  have  called  a^  and  is  equal  to   zr=-  for  the 

circuit  considered.       Hence   A;  =  ,-;—,    or   k  is   half  the  ratio    of 

resistance  to  reactance.     Also  since  2n8  =  a(see  equation  3,  Chap  I. 

S  1),  where  8  is  the  logarithmic  decrement,  we  have  8  =  A;7r. 

g 

Since  in  all  cases  likely  to  arise  in  practice  -  is  a  small  quantity 

of  the  order  of  1  per  cent.,  the  correcting  factor  8  V^  -^-/cis  also  nearly 
unity. 

The  ratio  of  B"  to  B'  is  therefore  generally  near  unity,  although 
the  ratio  of  B'  to  B  may  be  very  large. 

It  is  only  when  the  semi-period  decrement  8  reaches  a  yalue  of 
about  0'2  that  the  difference  between  B"  and  B'  becomes  important. 

When  we  are  dealing  with  magnetic  metals  this  concentration  of 
an  alternating  current  at  the  surface  of  a  conductor,  or  so-called  skirit 
effect  is  very  marked,  even  for  quite  low  frequencies. 

In  the  case  of  an  infinite  flat  plate  of  thickness  2^,  traversed  by 
an  alternating  current  of  frequency  n,  in  a  direction  parallel  to  the 
plane  of  the  plate.  Sir  J.  J.  Thomson  has  shown  that  the  current 
amplitude  decreases  from  the  surface  inwards  in  geometrical  pro- 
gression as  the  distance  from  the  surface  increases  in  arithmetic 
progression.  Also  if  a;  be  the  distance  of  any  point  from  the  surface, 
the  rate  at  which  the  maximum  values  of  the  alternating  current  at 
successive  points,  taken  inwards  from  the  surface,  decay  is  determined 

by  a  decay  factor  27r>y/ -  -,  where  u  is  the  magnetic  permeability, 

^    P 

p  the  electric  resistivity,  and  n  is  the  frequency. 

If  we  consider  a  plate  of  iron  for  which  p  =  1(H  in  G.G.S.  units, 
fji  =  say  1000,  and  adopt  a  frequency  of  100  =  n,  then  the  decay 
factor  is  nearly  20.  Hence,  at  a  depth  of  0*5  mm.  from  the  surface, 
the  maximum  value  of  the  current  during  its  period  will  be  only 

=  0*368  of  its  value  at  the  surface,  and  for  other  depths  as  follows : — 

Maxlmam  raXw  of  the  altenwtiog 
carrent  at  that  point  exprened  as ' 
Dlilanoe  la  mllUiiMtraa  of  point  percentage  of  the  maximum  Talna 

fhmi  mrlboe  of  plate.  at  the  surCioe. 

At  surface lOOO 

0*6  below 36-8 

1-0      ,. 13-5 

a-0     , 1-8 

30      „ 0-26 

The  corresponding  percentage  values  for  copper  would  be  about 
13  times  greater. 

Hence,  in  the  case  of  iron,  when  employing  alternating  currents 
of  a  frequency  of  100,  the  current  practically  penetrates  only  about 
2  mm.  into  the  surface.  In  the  case  of  copper  the  practical  penetra- 
tion would  be  about  26  mm. 

If,  however,  instead  of  employing  alternating  currents  of  a 
frequency  of  100,  we  are  dealing  with  electrical  oscillations  having 
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a  frequency  expressed  in  millions,  then  the  "  skin  "  or  used  portion 
of  the  metallic  circuit  may  be  less  than  j^  mm.  in  thickness. 

Accordingly  the  specific  resistance  of  the  material  of  which  the 
discharge  circuit  is  made  becomes  of  little  consequence ;  the  whole 
effects  are  determined  by  the  frequency  and  inductance,  which  latter 
in  turn  depends  upon  the  geometric  form  of  the  circuit.  An  experi- 
mental proof  of  the  above  statement  can  be  obtained  by  the  use  of 
the  author's  cymometer  (see  Chap,  VI.). 

Sir  J.  J.  Thomson  has  calculated  (see  ''Recent  Besearches  in 
Electricity  and  Magnetism/'  p.  281)  that  for  electrical  oscillations 
having  a  frequency  of  lO^'  the  thickness  of  the  conducting  skin  for 
soft  iron  is  about  ^  mm.,  and  for  copper  about  ^  mm.  In  these  cases 
there  is  a  concentration  of  the  current  at  the  surface,  and  the  outer 
layers  of  the  metal  are  for  a  short  time  carrying  current  at  a  current 
density  which  would  sufl&ce  to  melt  the  conductor  if  that  current 
density  was  the  same  at  all  parts  of  the  section. 

It  is  important  to  notice,  however,  that  the  formulaa  which, have 
just  been  given  for  the  resistance  of  a  wire  to  high  frequency  currents 
only  apply  to  wires  which  are  straight  or  bent  into  curves  with  radius 
of  curvature  large  compared  with  the  diameter  of  the  wire.  The 
expressions  given  by  Liord  Bayleigh  (see  equations  (8),  (9),  and 
(10)  )  do  not  apply  to  spirals  which  are  formed  of  turns  of  wire  close 
together  or  wound  on  mandrils  of  small  diameter  compared  with  the 
diameter  of  the  wire.  The  reason  for  this  is  as  follows  :  When  a 
wire,  say,  of  circular  cross-section,  conveys  a  current  there  is  a 
magnetic  field  not  only  outside  the  wire  but  within  the  wire.  If  the 
field  is  alternating,  we  must  think  of  this  interior  field  as  composed 
of  self -closed  lines  of  magnetic  fiux  which  are  expanding  and  con- 
tracting rapidly.  Thus  they  pulsate  in  and  out  of  the  wire,  and 
create  electromotive  forces  in  the  wire  parallel  to  the  axis.  If  the 
closed  interior  Unes  of  magnetic  flux  are  symmetrically  placed  with 
regard  to  the  central  axis  of  the  wire,  these  longitudinal  electromotive 
forces  balance  each  other.  If,  however,  the  interior  field  is  not 
symmetrical,  then  there  is  a  tendency  to  produce  eddy  currents  in 
the  wire,  due  to  unbalanced  interior  electromotive  forces,  and  these 
dissipate  energy.  Hence  the  energy  dissipation  for  a  given  field, 
that  is,  for  a  given  current,  is  greater  in  the  case  of  an  unsymmetrical 
interior  pulsating  magnetic  field,  and  the  wire  accordingly  has  a 
greater  equivalent  or  effective  resistance.  Not  only,  therefore,  has 
the  wire  a  greater  effective  resistance  due  to  the  concentration  of  the 
current,  that  is,  the  field,  at  the  surface  of  the  wire,  but  it  may  have 
an  increase  on  this  increase  in  resistance  if  that  current  distribution 
is  unsymmetrical  with  regard  to  the  axis  of  symmetry  of  the  wire. 
This  can  be  prevented  by  constructing  the  wire  of  fine  insulated 
wires  laid  parallel  to  each  other  and  twisted  together.  In  all  those 
cases  in  which  a  circuit  has  to  be  constructed,  the  true  effective 
resistance  of  which  has  to  be  known,  it  is  advisable  not  to  use  a 
round  soHd  wire,  even  if  we  can  apply  to  it  the  Rayleigh  formula  to 
ascertain  its  effective  from  its  true  ohmic  resistance.  It  is  better  to 
construct  the  circuit  or  coil  of  stranded  wire  made  of  strands  of  silk- 
or  cotton-covered  No.  40  S.W.G.  wire. 

The  cases  in  which  we  can  predetermine  by  calculation  the  high 
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fraqnency  resistAooe  of  conductors  used  in  radiotel^rapby  are 
comraratively  few. 

Heoce  we  are  obliged  to  resort  to  actual  measuremeDts  to  obtain 
the  high  frequency  resiBtauce  of  samples  of  stranded  cables,  of  metal 
strips,  used  as  the  circuits  of  radiotelegrapbic  apparatus. 

The  following  apparatus  was  therefore  devised  by  the  author 
for  experimentally  meaeuring  the  ratio  of  high  frequency  resiBtauce 
R'  to  steady  current  resistance  R.  Two  glass  tubes,  each  about 
75  cms.  long  and  3  cms.  in  diameter,  have  an  expansion  at  the 
upper  end  and  a  curved  bend  and  expausiou  at  the  lower  end  (see 
Pig.  3).  The  ends  are  provided  with  I.R.  corks  perforated  by  thick 
rods  of  copper,  and  the  lower  bends  are  filled  with  mercury.  The 
upper  oorka  are  also  made  airtight  with  mercury  or  oil. 

These  tubeB  have  side  tubes  blown  on,  by  means  of  which  they 


;ed    by   I 

contains  coloured  water  and  aa  air-bubble  in  the  centre  to  detect 
its  displacement.  This  arrangement  constitutes  a  differential  air 
thermometer  with  two  tubular  bnlbe.  In  these  tubes  are  placed  two 
identical  wires,  which  are  fastened  to  the  copper  rods  passing  through 
the  corks  at  the  upper  ends,  and  dip  into  tiie  mercury  in  the  bends 
at  the  lower  ends.  It  is  convenieut  to  keep  these  wires  in  a  truly 
axial  position  by  one  or  two  discs  of  thin  mica.  Suppose,  then,  that 
WB  pass  the  same  electric  currents  through  these  wires  in  series. 
Both  are  heated  and  heat  the  air  in  the  tubes,  but  if  everything  is 
symmetrical  and  the  tubes  are  equally  heated  the  bubble  is  not 
displaced.  To  attain  this  balance,  however,  the  whole  apparatus  bos 
to  be  placed  in  an  enclosure,  and  the  position  of  the  bubble  observed 
through  a  window. 

If,  then,  we  pass   electric  oscillations  through  one  wire,  and  a 
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steady  current  through  the  other,  it  is  possible  to  adjust  the  steady 

current  until  the  heat  produced  by  it  in  one  wire  balances  the  heat 

produced  by  the  oscillations  in  the  other  wire.    To  do  this  the  currents 

have  to  be  passed  for  some  time,  so  that  the  thermal  condition  may 

become  constant.    Assuming,  however,  that  this  is  the  case,  we  have 

the  following  state  of  affairs.     In  one  wire  which  has  a  resistance 

E,  we  have  a  steady  current  A  producing  heat  at  a  rate  of  A^B.    In 

the  other  wire  of  high  frequency  resistance  B'  we  have  oscillations 

of  mean-square  value  A^'^  producing  heat  at  a  rate  A^^B'.     Since  the 

sources  of  loss  are  the  same  in  both  cases  when  the  final  steady 

B'       A2 
thermal  state  is  reached,  we  have  A^B  =  Ai2B'  or  =r-  =  -r-^.     The 

•        *  B        A^ 

measurements  of  the  mean-square  value  of  the    high   frequency 

current  must  be  made  with  a  thermoelectric  ammeter,  such  as  that 

devised  by  the  author  (see  Fig.  32  of  this  chapter),  which  is  correct 

for  high  frequency  measurement.     There  are  certain  points  which 

must  receive  attention  if  accuracy  in   the  measurement  is  to   be 

attained. 

Eirst,  the  spark  gap  must  be  kept  as  short  as  possible,  not  more 

than  1  mm.,  and  preferably  less  in  length,  in  order  to  reduce  the 

decrement  of  the  oscillations  as  much  as  possible.    The  resistance 

of  the  wire  for  damped  oscillations  is  greater  that  its  resistance  to 

undamped  oscillations  of  the  same  frequency  in  the  ratio  of  s^/s  -\-  k 

to  1,  see  formula  (17),  where  s  =  \/l  +  A^  and  A:  =  -,  8  being  the 

decrement  per  semiperiod.  Accordingly  if  8  is  kept  down  as  low  as 
0*04,  the  correcting  factor  will  be  equal  to  1-007,  or  the  resistance  to 
damped  oscillations  will  be  only  0*7  per  cent,  greater  than  the  resist- 
ance to  undamped.  If,  however,  the  spark  gap  is  large,  then  this  cor- 
rection will  be  large  also.  Again,  it  is  necessary  to  employ  an  air  blast 
impinging  on  the  spark  gap  to  keep  the  oscillatory  current  constant, 
and  without  this  no  good  results  can  be  obtained.^  In  general  it 
will  not  be  necessary  to  make  any  correction  for  the  heat  produced 
by  the  low  frequency  charging  current  of  the  condenser,  which  also 
passes  through  the  wire,  as  the  heat  so  produced  is  negligible  in 
comparison  with  that  produced  by  the  oscillation's. 

It  is  necessary,  however,  to  ehminate  certain  differences  due  to 
want  of  symmetry  in  the  two  wires  by  passing  the  oscillations  first 
through  one  wire  and  then  through  the  other,  keeping  the  oscillatory 
current  the  same  in  the  two  cases,  but  taking  the  mean  of  the 
continuous  currents  required  to  effect  a  thermal  balance  in  the  two 
experiments.  The  results  of  a  number  of  such  measurements  on 
copper  wires  No.  14,  No.  16,  No.  36  in  size  are  collected  in  the 
Table  below,  which  were  made  in  the  author's  laboratory,  and  the 
values  of  their  high  frequency  resistance,  calculated  by  the  Bussell  or 
Kelvin  formulae,  are  given  for  comparison  to  show  how  well  the 
measured  H.F.  resistance  agrees  with  the  value  calculated  to  these 
formulae. 

*  See  J.  A.  Fleming  and  H.  W.  Richardson,  "  On  the  Effect  of  an  Air  Blast 
upon  the  Spark  Discharge  of  an  Induction  Coil,"  Phil.  Mag.,  May,  1909,  or  Proc. 
Phys.  Soc.^  Lond.,  vol.  21,  p.  1909. 
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The  same  apparatus  can  be  employed  to  examine  the  high 
frequency  resistance  of  spiral  wires,  and  the  results'  of  one  such 
measurement  are  given  for  a  spiral  of  No.  16  S.W.G.  copper  wire 
of  2*57  turns  per  cm.  in  the  table.  The  result  is  to  confirm  the 
theoretical  prediction  that  the  high  frequency  resistance  of  a  spiral 
wire  is  greater  than  that  of  the  same  wire  stretched  out  straight. 

One  of  the  first  to  investigate  this  matter  experimentally  was 
F.  Dolezalek,!^  who  measured  inductances  by  the  bridge  method  of 
certain  spirals,  and  found  that  at  various  frequencies  between  591 
and  2286,  the  resistance  was  increased  and  the  inductance  diminished 
compared  with  their  steady  current  values.  He  suggested  that  if  the 
coils  were  made  of  insulated  wires  0*1  mm.  in  diameter  =  No.  40 
S.W.G. ,  bimched  or  stranded  together,  the  effect  would  be  annulled. 
The  increase  noticed  by  Dolezalek  was  not  the  difference  between  the 
value  of  the  resistance  for  steady  currents  and  that  for  alternating 
currents,  but  the  increase  over  the  latter  due  to  the  coiling  in  a 
spiral. 

The  problem  was  then  treated  mathematically  by  M.  Wien  ii  and 
by  A.  Sommerfeld,i2  who  discussed  Dolezalek's  results  and  gave 
formulas  for  calculating  the  increase  in  resistance  of  a  solenoid  due  to 
the  spiralization. 

If  we  denote  by  B''  the  resistance  of  a  spiral  of  wire  the  steady 

current  resistance  of  which  is  B,  and  if  the  resistance  to  alternating 

currents  of  the  same  frequency  if  the  wire  were  stretched  out  straight 

is  denoted  by  B',  then  the  formulsB  of  Kelvin   and  Bayleigh,   as 

B' 
above  given,  are  the  values  of  w-*     Sommerfeld  gave  a  formula  for 

B" 

:5-  when  the  frequency  is  very  high,  which,  in  the  notation  used  above, 

is  equivalent  to — 

^'=2V7riV7*  =  2V^|' (18) 

where  h  has  the  same  meaning  as   in  Bayleigh's  formula  (10). 

The  constant  ^y/n  =  354,  and  hence  this  formula  makes  the  ratio  of 
the  resistance  of  the  spiral  to  that  of  the  same  wire  stretched  out 
straight  always  3*54  for  very  high  frequencies  and  independent  of 
the  diameter  of  the  wire  or  number  of  turns  per  unit  of  length.  This 
does  not  agree  with  the  experimental  results  of  T.  P.  Black.i^  He 
employed  two  equal  wires,  one  coiled  in  a  spiral,  and  the  other 
stretched  out  straight  enclosed  in  tubes  like  thermometer  bulbs.  He 
measured  the  relative  rise  in  temperature  and  heat  produced  in  these 
two  wires  when  the  same  high  frequency  current,  with  frequency 
varying  between  10«  and  5  X  lO^*,  was  sent  through  both  wires. 

!•  See  F.  Dolezalek,  AnnaXen  der  Physik,  vol.  12,  p.  1142,  1903,  "  Ueber 
Prazisionsnormale  der  Selbstinduktion " ;  alno  Science  AhstracU,  1904,  B., 
abs.  488. 

*>^  M.  Wien,  Atmalen  der  Phyaik,  vol.  14,  p.  1, 1904. 

1*  A.  Sommerfeld,  Atmalen  der  Physik,  vol.  15,  p.  198,  1906,  "  Ueber  das 
Wechselfeld  und  den  Wechselstromwiderstand  von  Spulen  und  Rollen.'* 

i»  T,  P,  Black,  Annalen  der  Physik,  vol.  19,  p.  167, 1906,  •*  Ueber  den  Wider- 
stand  von  Spulen  fiir  schnelle  Elektrische  Sohwingungen." 
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•pr/ 

He  found  that  for  the  spirals  used  the  ratio  ^  had  values  between 

1*20  and  1*89,  or  not  much  more  than  half  that  predicted  by  the 
formula  of  Sommerfeld. 

A  theoretical  discussion  and  experimental  examination  of  this 
question  of  spiral  resistance  has  been  made  by  L.  Cohen.^^  To  enable 
the  matter  to  be  treated  analytically  the  spiral  was  assumed  to  be 
made  of  square-sectioned  wire,  wound  in  one  layer  of  closely  com- 
pacted turns.  The  solenoid  is  assumed  to  be  of  considerable  length 
so  that  the  magnetic  field  within  it  is  constant  and  equal  to  4ir  times 
the  current-turns  per  unit  of  length.  He  gave  a  general  formula  for 
the  increase  in  resistance  AB  of  one  turn  of  the  solenoid  over  and 
above  the  steady  current  resistance  B  which  is  due  to  frequency  and 
spiralization  as  follows : — 

AR  =  128N«;,Wr.2;;:;(^^P^)    .     .     (19) 

where  N  =  number  of  turns  of  solenoid  per  unit  of  length,  |;  =  2ir 
times  the  frequency  n,  d  =  diameter  of  the  wire,  r  =  interior  radius 
of  solenoid,  <r  =  specific  conductivity,  and  2;  =  1,  3,  5,  7,  etc. 

m^  4.  Vm*  +  I67r2(r2»2 
and  a*  = ■ ^ ^— 

^  '  (20) 


02  =  — m2  +  Vm^  +  167r2o-2jp2 


where  m  =  -r 
a 


When  the  frequency  is  very  high  (say  10*),  the  value  of  l&n^a^p^ 
is  much  greater  than  that  of  m*,  and  we  may  then  take  fl2  =—  ^  — : 
^irap,  and  the  series  part  of  the  formula  (19)  for  AR  will  reduce  to — 


hv^-d'+l+k+k+^-) 


The  sum  of  the  series  in  the  brackets  is  very  nearly  equal  to  1*2, 
and  hence  to  a  close  approximation  we  may  write — 

AR  =  38-4N2rf  rVnp (21) 

where  p  =  specific  resistance,  d  =  diameter  of  the  wire,  n  =  fre- 
quency, r  =  interior  radius  of  the  solenoid,  and  N  =  number  of  turns 
per  uliit  of  length. 

Since  the  length  of   1  turn  of  the  wire  is  27rr,  and  the  steady 

resistance  per  unit  of  length  is  — ^,we  have  for  the  total  high  fre- 

quency  resistance  per  unit  of  length  of  the  wire  the  expression — 

4p      38>4N2rf  rVTp 
nd^^  2m'  ^     ^ 

"  L,  Cohen,  Bulletin  of  the  Bureau  of  Standards,  Washington,  U.S.A.,  vol.  4, 
No.  1,  "The  Influence  of  Frequency  on  the  Resistance  and  Inductance  of  Solenoidal 
Coils." 
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and  hence  we  haye  a  final  formula — 

^'=l+4-8N2^x/-    .....     (23) 

Jtv  P 

which  gives  us  the  high  frequency  resistance  of  such  a  single  layer 
spiral.  Suppose,  for  example,  that  a  spiral  is  made  of  copper  wire 
2  mm.  in  diameter,  and  wound  in  4  turns  per  cm.  on  a  mandril  5  cms. 
in  diameter,  and  subjected  to  oscillations  of  a  frequency  of  10^,  then 
we  have  p  =  1600,  n  =  10«,  d  =  02,  N  =  4,  r  =  6, and— 

?^'  =  1  +  15-36  =  16-36 

xC 

Accordingly  for  this  spiral  and  this  frequency  the  high  frequency 
resistance  is  16*36  times  the  steady  resistance.  If  the  spiral  were 
stretched  out  straight,  then,  by  Dr.  EusseU's  formula,  the  ratio  of 
resistance  to  steady  resistance  would  be — 

|'=iVX+ 0-25  =  8-1 

Hence  we  have  :^  =  -^-=  2-02  (nearly) 

which  is  not  far  from  the  ratio  found  experimentally  by  T.  P.  Black, 
and  at  any  rate  much  nearer  than  the  ratio  given  by  the  formula  of 
Sommerfeld. 

We  shall,  therefore,  not  be  far  wrong  in  saying  that  when  a  wire 
of  anything  like  No.  16  or  No.  18  S.W.G.  is  coiled  into  a  spiral  of 
one  single  layer  of  turns  nearly  in  contact,  the  actual  high  frequency 
resistance  of  any  considerable  length  of  this  spiral  for  a  frequency 
of  about  10^^  may  be  about  double  that  of  the  same  wire  stretched 
out  straight,  and  that  this  increase  is  due  to  the  displacement  of  the 
interior  magnetic  field  in  the  mass  of  the  wire.  It  can  be  prevented 
by  constructing  the  wire  of  many  strands  of  very  fine  insulated  wire 
bunched  together.  "When  the  frequency  is  very  high  Cohen  shows 
that  the  ratio  of  the  resistance  of  the  spiral  to  that  of  the  same  wire 
stretched  out  straight  is  given  by  the  formula — 


R"      8N2^/     ,1,1,     ,  \  ,o.  X 


9-6N2^  /        ,  V 
= (nearly) 

IT 

=  3  06N2rf2  (nearly) (26) 

R" 
Hence,  if  the  turns  are  closely  adjacent,  ^d  =  1,  and  -^j-  may   be 

as  great  as  3. 

It  is  to  be  noticed,  however,  that  Cohen's  formula  has  been 
deduced  on  the  assumption  that  there  is  only  one  layer  of  wire  in 
closely  adjacent  turns,  and  hence  does  not  apply  if  N^  is  very 
different  from  unity. 

2.  Indactance  of  GondactoPB  for  Yapious  FpequencieB. — The 
inductance  of  an  electric  conductor  may  be  defined  to  be  that  quality 
of  it  in  virtue  of  which  energy  in  a  magnetic  form  is  stored  up  in 
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connection  with  the  circuit  when  a  cnrrent  is  flowing  in  it.  Thus,  if 
at  any  instant  there  is  a  current  i  in  a  circuit,  the'  magnetic  energy 
associated  with  it  is  represented  by  ^Li^,  where  L  is  the  inductance 
of  the  conductor.  It  will  be  seen,  therefore,  that  L  and  i  enter  into 
the  expression  for  the  magnetic  energy  of  a  current,  just  as  mass,  M, 
and  velocity, «;,  enter  into  the  expression  ^Mv*  for  the  kinetic  energy 
of  a  moving  body. 

It  follows  from  this  that  the  rate  at  which  ^Lr^  is  changing  with 
time  is  the  rate  at  which  magnetic  energy  is  being  stored  up  in  the 
circuit,  and  must  therefore  ^  be  equal  to  the  product  of  the  current 
and  impressed  electromotive  force,  less  the  rate  at  which  energy  is 
being  dissipated  as  heat. 

Hence  if  B  is  the  instantaneous  impressed  electromotive  force,  we 
must  have — 

E»  -  Ri2  =  Lt~ 

ai 

or   L^  +  E»  =  B 
at 

or     ~(L»)  +  Rt  =  E 
at 

Therefore,  by  Faraday's  law  of  induction,  the  quantity  L*  must 
represent  the  total  flux  due  to  the  current  itself,  which  is  linked  with 
the  circuit.  Accordingly  we  arrive  at  a  second  definition  of  inductance, 
L,  which  is  that  the  inductance  of  a  circuit  is  the  total  self-linked 
magnetic  flux  when  unit  current  flows  through  the  circuit. 

The  practical  unit  of  inductance  is  called  the  henrt/,  and  one  henry 
is  defined  to  be  the  inductance  of  a  circuit  which  has  linked  with 
itself  a  total  magnetic  flux  of  one  mber  (lO®  lines  or  100,000  kHolines) 
when  a  current  of  1  ampere  flows  through  it. 

The  dimensions  of  an  inductance  on  the  electro-magnetic  system 
of  measurement  is  a  length.  Hence  the  absolute  unit  of  inductance  in 
the  electro-magnetic  system  of  measurement  and  in  the  centimetre, 
gramme,  second  system  (C.G.S.)  is  one  centimetre.  One  henry  is  equal 
to  10»  cms.,  and  hence  one  millihenry  is  10«  cms.,  and  one  microhenry  is 

1000  cms. 

We  shall  chiefly  be  concerned  in  this  treatise  with  small  induct- 
ances which  it  is  convenient  to  measure  in  absolute  units,  viz.  in 
centimetres,  or  else  in  millihenrys,  or  in  mkrohenrys. 

Another  way  of  regarding  the  subject  is  as  follows :  We  may 
think  of  the  current  in  a  conductor  as  made  up  of  a  large  number  of 
filamentary  currents  flowing  in  the  same  direction.  These  similarly 
directed  currents  attract  one  another.  Hence  to  separate  them  all 
to  an  infinite  distance,  and,  so  to  speak,  take  the  mam  current  to 
pieces,  requires  an  expenditure  of  energy. 

The  energy  which  must  be  expended  to  do  this  is  the  eqmvalent 
of  the  kinetic  energy  possessed  by  the  whole  original  current,  and  this 
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is  therefore  called  the  potential  of  the  current  on  itself.  If  we  con- 
sider two  elements  of  length  of  the  circuit,  viz.  ds  and  ds',  which 
make  an  angle  6  with  each  other  and  are  situated  at  a  distance  r,  then 

ds  ds' 
it  can  be  shown  that  the  expression  — cos  0  represents  the  potential 

energy  of  these  elements  when  e^^h  is  traversed  by  unit  current. 

Hence  to  obtain  the  whole  potential  energy  of  the  circuit  with  respect 

to  itself,  which  is  the  same  thing  as  the  inductance,  we  have  to 

r  r  ds  ds^ 
calculate  the  value  of  the  double  integral  L  =  I  j cos  0  for  every 

pair  of  elements.  Th^  proof  of  this  formula  (due  to  Neumann)  is 
given  in  every  standard  treatise  on  electricity  and  magnetism ;  e.g. 
Maxwell's  "  Electricity  and  Magnetism,"  2nd  ed.  vol.  ii.  §  423  and 
§  624 ;  also  Deschanel's  *'  Nat.  Phil.,"  part  iii.,  rewritten  by  Everett, 
p.  194,  §  263. 

In  its  application  we  have  to  take  into  account  the  surface  or  skin 
distribution  of  high  frequency  currents  already  explained.  Hence 
when  we  are  dealing  with  steady  or  low  frequency  alternating  currents, 
the  current  may  be  considered  to  be  uniformly  distributed  over  all 
parts  of  the  cross-section  of  the  conductor,  and  the  inductance 
calculated  on  this  assumption  is  called  the  ordinary  or  low  frequency 
inductance.  If,  however,  we  are  concerned  with  high  frequency 
currents,  then  the  current  is  wholly  concentrated  on  the  surface  or  on 
the  skin,  and  the  inductance  calculated  on  this  distribution  is  called 
the  high  frequency  inductance.  This  last  is  always  less  than  the  low 
frequency  inductance. 

Lord  Kayleigh  has  given  a  formula  for  the  relation  between  the 
two  inductances  for  certain  forms  of  nearly  straight  conductors.^^ 

If  L  is  the  low  frequency  or  steady  current  inductance  of  a 
conductor  of  length  l,  and  L'  is  the  inductance  for  alternating  currents 

P 
of  simple  sine  form  and  frequency,  n  =  —-,  then  Lord  Rayleigh  shows 

(loc,  cit)  that — 

where  fi  is  the  permeabiUty  of  the  material  and  E  is  the  steady  current 
resistance. 

In  the  above  formula  A  is  a  constant  depending  upon  the  position 
of  the  return  conductor. 

Lord  Bayleigh  also  shows  that  when  the  frequency  is  very  high, 
the  above  expression  takes  the  form — 


^'-'(*  +  N/g") 


2pl 
or    L'  =  /A+- (27) 

since  by  (9)  we  have  R'  =  "s/l^plfiR. 

^*  See  Lord  Bayleigh,  "  On  the  Self-induotion  and  Besistance  of  Straight  Con- 
ductor," Phil.  Mag.,  May,  1886,  ser.  v.  vol.  21,  p.  881. 
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When  the  frequency  is  infinite,  the  value  of  L'  tends  to  a  limit,  ^A. 
Hence  the  constant  A  is  the  inductance  of  the  conductor  per  unit  of 
length  for  infinitely  great  frequency.    * 

On  the  other  hand,  if  we  put  n  =  0  or ;?  =  0  in  the  expression  (26) 
above,  we  have  the  value  of  the  inductance  (L)  for  steady  or  non- 
periodic  currents.     Hence — 


or    A 


-(t-i) w 


Einally,  if  we  write  L^  for  the  inductance  at  infinite  frequency 
and  U  for  the  inductance  at  a  high  frequency,  n,  we  have — 

^'=^+^ <^«) 

If  p  is  the  resistivity  of  the  material,  then  B=  ^,  where  s  is  the 

s 

cross-section  of  the  conductor.     Hence  from  (27)  and  (28)  we  have — 
Furthermore,  if  the  material  is  non-magnetic,  ft  =  1,  and  then — 

If  the  section  of  the  conductor  is  circular  and  of  diameter  ^,  then 

8  =  — T--»  aJid — 
4 


^'-^-I+Wi (3^) 


The  formulsB  (30),  (31),  and  (32)  afford  means  for  calculating  the 
inductance  L'  of  a  nearly  straight  circular-sectioned  wire  of  length  I 
diameter  d  and  resistivity  p,  for  high  frequency  currents  of  frequency 
n,  when  we  know  the  low  frequency  inductance  L. 

The  formula  (29)  gives  L'  in  terms  of  the  inductance  L^  for  an 
infinite  frequency. 

It  is  sometimes  convenient  to  calculate  L'  from  (29)  and  some- 
times from  (32). 

If  we  use  copper  wire,  p  =  1640  or  y/p  is  nearly  40,  and  then — 


^■=^-'(5-^7;) '''' 


Suppose,  as  before,  that  tf  =  1  and  n  =  10^^,  then  the  quantity  in  the 
bracket  is  equal  to  ^,  or  nearly  0*5.  Hence,  in  this  case,  if  we 
deduct  half  the  length  of  the  wire  in  centimetres  from  the  value  of  the 
steady  current  inductance  L,  we  have  the  high  frequency  inductance 
L'. 

For  such  circuits  as  are  usually  employed  in  high  frequency  work 
the  difference  between  the  two  inductances  is  only  at  most  a  few  per 
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cent.  I  whereas  tl^e  ratio  between  the  two  resistances  may  be  very 
large. 

Dr.  Barton  has  also  considered  the  question  of  the  inductance  of  a 
conductor  under  damped  high  frequency  electric  oscillations.^^}  Taking 
into  account  the  decay  factor,  he  shows  that  the  inductance  L"  for 
simple  periodic  but  decadent  oscillations  of  frequency,  n,  is  to  the 
steady  inductance  L  in  the  ratio  given  by — 

L  =:ZJA+^^+g.^— ^^.-gf _../l_|i,etc.)[(34) 

where  k  is  the  damping  factor,  and  A,  as  before,  has  the  value 
(y  — ^  j.    If  we  put  A:  =  0  we  have  Lord  Bayleigh's  expression  (26). 
If  ji;  is  very  large  the  above  expression  reduces  to — 

L"  =  /(a+v^co8|)      ....    (35) 

where  cos  6  =  k  and  s  =  \/l  +  k^  as  before. 

If  A:  =  0,  the  above  expression  (35)  becomes  identified  with  (27), 

that  given  by  Lord  Rayleigh;   since,  then,  coSg.=/v/    T    .     As 

already  shown,  A=  — —  ^and  R=§-.      Hence  we  can  write  the 

above  expression  (35)  in  the  case  of  non-magnetic  materials  in  the 
form — 


L"  =  L_/{-^V4is  <*  +  *), 


(36) 


If  the  wire  is  circular-sectioned,  S  =  — r-,  and  we  have — 


^"=^-f+^\/^(*+*)  •  •  •  <''^ 


This  last  equation  also   becomes  identical   with   Lord  Rayleigh 's 
expression  (32)  when  k  ^  0. 

Taking  the  two  formulsB  for  the  high  frequency  resistance  B'  and 
the  high  frequency  inductance  L',  viz. — 

R'  ^VkplH.^.  and  L'  =  i  (^  -  f  +\/?^^) 

we  eliminate  [i  and  I  and  arrive  at — 

Lp  -  LV     R' 


R  —  R       R 


(38) 


Hence,  as  we  increase  the  frequency  from  zero  to  a  very  high  value, 
the  decrement  of  the  reactance  is  to  the  increment  of  resistance  in  the 

^*  See  Dr.  E.  H.  Barton,  "  On  the  Equivalent  Besistance  and  Inductance  of  a 
Wire  to  an  Oscillatory  Discharge,"  Proc.  Phys.  Soc^  Lond.^  vol.  xvi.  p.  409,  or 
Phil.  Mag.,  1899,  sei^.  v.  vol.  47,  p.  486. 
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ratio  of  the  high  frequency  to  the  steady  or  zero  frequency  resistance. 
Again,  if  we  take  the  same  two  formulae  for  the  high  frequency 
resistance  B'  and  inductance  K,  we  can  deduce  an  expression  for  the 
high  frequency  impedance  y/B!^  -}-^2L'2  which  is  often  required. 

For    E'=\/pii5 

If  for  the  sake  of  simplicity  we  put  fi  =  1,  and  consider  only  a  non- 
magnetic circuit,  then  it  is  easy  to  show  that — 

R'2  +^L'2  =  B2  +;;2L2  +  -^—  -  2  J  (K  -  R)(R' +i?L)  (39) 

If  B'  s=  B  the  right-hand  side  reduces  to  its  first  two  terms,  as  it 
should  do.  Accordingly,  the  high  frequency  impedance  greatly 
exceeds  the  impedance  for  steady  sinoidal  low  nrequencv  currents. 

8.  PredeteFmination  of  Indaotance  for  Ceptain  Standard 
Forms  of  Ciroull — There  are  certain  forms  of  circuit  for  which  we 


Fio.  4. — ^Mutual  Inductance  of  Two  Parallel  Rectangular  Circuits. 

can  predetermine  the  inductance  by  calculation.  Fortunately,  this 
can  be  easily  accomplished  for  one  very  simple  form  of  circuit,  viz. 
a  rectangle  formed  of  round  wire,  the  diameter  of  the  wire  being 
small  compared  with  either  dimension  of  the  rectangle.  As  this 
calculation  Dlustrates  very  well  the  principles  on  which  inductance 
generally  is  calculated,  we  shall  give  it  in  full,  and  then  deduce 
certain  consequences. 

Suppose  that  two  rectcmgles  of  the  same  size,  made  of  infinitely 
fine  wire,  were  placed  with  sides  parallel  to  one  another.  If  both 
are  traversed  in  the  same  direction  by  unit  current,  we  can  calculate 
the  potential  energy  M  of    the   system    by   Neumann's  formula, 

'Mi  =  j  I  ~- cos  6,  where  dx  and  dx'  are  two  elements  of  length 

in  the  conductors,  r  their  distance,  and  6  the  angle  between  them. 

In  the  case  of  the  two  rectangles,  9  is  either  0  or    ,  and  hence  cos  B 

is  either  1  or  0.  We  have  then  simply  to  take  all  possible  pairs  of 
elements  in  the  two  circuits,  divide  the  product  by  their  distance,  and 
sum  up  all  these  quantities.     Let  ABGD,  A'B'G'D'  (Fig.  4)  be  the 
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two  rectangles.  Let  the  distance  between  their  planes  be  b,  and  let 
the  length  of  the  sides  AB,  A'B',  CD,  CD'  be  denoted  by  S,  and  that 
of  AC,  A'C,  BD,  B'D'  be  denoted  by  S'. 

We  consider  first  a  pair  of  elements  in  the  sides  AB,  A'B'  situated 
at  P  and  P.     Let  AP  =  x  and  A'P'  =  x\  and  the  length  of  these 

elements  be  dx  and  dx'.  Then  for  this  pair  we  have  r  =  y/{ix  —  x')^  -["  ^^ 
and  cos  6  =  1. 

Hence    M=  N' --r==J^.  ,_       .     .     .     (40) 

=.iogS.r:f:±y(S-^^^+2     (41) 

Again,  it  is  easily  proved  that — 
/  log  [S^^  +  \/(S  —  /r)2  -f  ^2  j^j, 

=  __(S  —  x)  logfS^=J+  \/(S"—  «)2+^2}  j^  -/(S  — a;)2+62   (42) 


Hence     f  log (« "  -J  pl^-£f±J^^ 

Jo      ^  —X'  +  Vx'i  +  62 


=  Slog:^y-^-^7P^p-2VS2  +  fr2  +  2J    (43) 

But     s+j/s-f^_(S  +  VS2+:.r.. 

_S  +  -s/S2+62        V  *  /  ^       ' 

therefore      j' log^^^Z^^l+^^^^+E,,' 
Jo  -z'  +  V'x'^  +  b^ 

=  2 (S  log ^  +yf+  ^-  _  VS2+-62  +  6)    (45) 

This  last  expression  (45)  is  the  potential  of  AB  on  A'B'.  To 
obtain  that  of  AB  on  G'D'  we  have  to  change  b  into  y^S'2  -f  ^2,  and 
then  prefix  a  negative  sign,  since  then  the  currents  are  in  opposite 
directions.     We  obtain  thus  the  expression — 

-2 (S log^±^|^+l' -VS2 +-S'2"+  P  +VS'2-+p)  (46) 

Adding  together  (45)  and  (46),  and  doubling  the  sum,  gives  us  the 
whole  potential  of  the  two  pairs  of  sides  of  length  8. 

To  obtain  the  potential  of  the  sides  of  len^h  S'  we  exchange  the 
position  of  S  and  S'  in  the  above  final  expression,  and  finally  we 
obtain  an  expression  for  the  whole  potential  energy  M  of  the  two 
rectangles  as  follows : — 

M  =  4|S  log  (S+\^^+2)^S^±i^  +  s'  W  (S-+VS^2+J2)Vg2+g 
4-2VS2+S'2+/;2_2VS^24r^,2_2VS2+/i2+26}     (47) 
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To  obtain  the  inductaBce  of  the  rectangle  we  have  to  consider 
that  h  is  small  compared  with  S  or  S',  and  we  have  then  to  substitute 
for  b  the  geometric  mean  distance  of  all  the  filaments  of  current  com- 
posing the  actual  current  in  the  wire.^^  As  the  case  considered  is 
that  of  a  wire  of  circular  cross-section  and  a  surface  distribution  of 
current,  we  have  to  take  for  h  the  geometric  mean  distance  of  all 
points  on  the  circumference  of  a  circle.    This,  as  Maxwell  shows,  is 

a  length  equal  to  the  radius  ^  of  the  wire  section. 

Making  this  alteration  in  the  formula  (47),  we  have  as  an 
expression  for  the  high  frequency  inductance  of  the  rectangle  the 
expression — 

L'  =  4  {(S  +  S')  log^  -^-  -  S  log,  (S  +  VS2  +  S'2) 

-  S'  log,  (S'  +  \/S2  +  S'2)  +  2\/S2  +  S'2  -  2(S  +  S')}    (48) 

If  we  call  the  sides  of  the  rectangle  A  and  B  and  the  diagonal 
D  =  ^^2  +  B2,  and  use  ordinary  logarithms,  we  can  write  the  above 
formula  in  the  form  most  suitable  for  calculation,  as  follows : — 

f                        4AB 
L'=9-2104{(A  +  B)  logio  -^ A  logjo  (A  +  D)  -  B  log^o  (D  +  D) 

A  +  B-D,  (49) 


11613 


Let  us  then  consider  some  special  cases.  If  S  =  S',  the  rectangle 
becomes  a  square,  and  the  high  frequency  inductance  of  a  square 
circuit  of  side  S  is — 

L'  =  8sjlog/J-log,(l.f  V2)  +  \/2-2J.     .     (50) 

This  can  be  thrown  into  the  form — 

L' =  2Z  (log,  ^  -  2-853) (51) 

where  I  is  the  perimeter  of  the  square  and  d  the  diameter  of  the 
wire  of  which  it  is  made.  If  we  use  ordinary  logarithms,  the  formula 
becomes — 

U  =  2Z  (2-3026  logic ^^  —  2-853^  ....     (52) 
or  if  S  is  the  side  of  the  square  in  centimetres — 

L'  =  8s(2-30261ogio^^^- 2-853)   .     .     .    (53) 

Again,  if  in  formula  (48)  we  put  S'  very  small  compared  with  S, 

17  For  the  definition  of  the  term  geometric  mean  distance  (G.M.D.),  see 
>Uxwell*8  "  Treatise  on  Electricity  and  Magnetism,"  2nd  ed.  vol.  ii.  p.  298. 


156  HIGH  FREQUENCY  ELEGTBIO   MEASUBEMENTS 

S' 
that  is,  consider  -^  can  be  neglected  in  comparison  with  unity,  we 

have — 

L'=4Slogc^ (54) 

This  is  the  expression  for  the  high  frequency  inductance  of  a  pair 
of  round  parallel  wires,  each  of  length  S,  separated  l;>y  a  distance  S', 
each  wire  having  a  diameter  d.    Let  I  stand  for  the  united  length 

(lead  and  return)  of  the  two  wires,  each  having  a  length  ~,  and  let 

D  be  their  distance  apart;  we  can  put  the  above  formula  in  the 
form — 

L'  =  21  (log.  ^^)     ......    (55) 

or,  using  ordinary  logarithms — 

L' =  2Z  (2-3026  logio^) (56) 

This  agrees  with  a  formula  given  by  Lord  Bayleigh,  and  also  by 
Maxwell,  with  the  difference  that  they  consider  the  low  frequency 
inductance,  and  we  are  considering  the  high  frequency  inductance. 

The  two  formulsB  for  the  inductance  for  infinite  frequency,  viz. — 

L'  =  21  (2-3026  logio  -^  —  2-853 j  for  a  square, 

and    L'  =  2Z(  2-3026  log^o  "3" )  ^^^  ^  P*"^  ^^  parallel  wires, 

the  parallel  wires  being  not  too  near  and  short-circuited  at  the  far 
end  are  of  great  use  in  practice,  because  these  circuits  can  easily  be 
formed  of  copper  wire  and  their  dimensions  accurately  measured,  and 
then  the  inductance  for  high  frequency  currents  calculated  by  the 
above  formulsB  from  the  dimensions.  Again,  if  we  take  the  expression 
(45)  for  the  potential  of  two  filamentary  currents  at  a  distance  b,  and 

put  ^  for  b  and  I  for  S,  we  have  the  expression — 


L'  =  2i(log.^-l) (57) 


which  gives  us  the  high  frequency  inductance  for  a  circular-sectioned 
straight  wire  of  length  I  and  diameter  d,  the  return  being  at  an  infinite 
distance.  Also  we  require  occasionally  the  value  of  the  inductance  of 
such  a  wire  bent  into  the  form  of  a  circle,  the  radius  of  this  circle 
being  large  compared  with  the  diameter  of  the  wire. 

It  is  not  difficult  to  show  that  the  high  frequency  inductance  U  of 
this  circular  and  circular-sectioned  wire  of  diameter  d  and  perimeter  I 
is  given  by — 


L'  =  2/(log€^^— 2-45) (58) 


4/ 
or 


L' =  2Z  (2-3026  logio  ^  —  2-46 j    .     .     (59) 
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The  proof  of  the  above  formula  is  given  in  the  author's  '^  Hand- 
book for  the  Electrical  Laboratory  and  Testing  Boom/'  vol.  ii.  p.  174. 

It  should  be  noted  that  in  all  these  formulae  for  high  frequency 
incUictance,  (48)  to  (59),  we  have  calculated  really  the  inductance  for 
infinite  frequency  (L^  ),  and  to  obtain  the  true  inductance  for  a  fre- 
quency n,  viz.  L',  accurately,  it  is  necessary  to  add  to  L^  the  quantity 

R' 

^ — ,  E'   being  the  high  frequency  resistance  calculated  by  Lord 

Bayleigh's  formula  (9)  corresponding  to  the  frequency  n  considered. 

R' 
Generally  speaking,  the  term  - —  will  be  small  compared  with  L^^  ; 

Aim 

hence  no  great  inaccuracy  is  committed  by  taking  h^  to  represent 

the  high  frequency  inductance. 

In  practical  work  we  very  frequently  desire  to  predetermine 

approximately  the  inductance  of  a  solenoid  or  spiral  of  one  or  more 

layers  of  wire,  the  turns  being  closely  or  not  very  closely  packed.     A 

very  useful  formula  for  this  purpose  has  been  given  by  Dr.  A.  Russell 

for  the  inductance  (for  steady  currents)  of  a  spiral  of  length  I  and 

mean  diameter  D  having  N  turns  per  unit  of  length.^®    It  is  as 

follows : — 

In  the  above  formula,  if  D  and  /  are  measured  in  centimetres  and 
N  in  turns  per  centimetre,  then  L  is  expressed  in  centimetres  or 
C.O.S.  electromagnetic  units  of  inductance.  If  we  reckon  D  and  I  in 
inches  and  N  in  turns  per  inch,  the  formula  becomes — 

L  =  (TrDN)^! (100 -  42-4(5)  +  12-5(5)' _ l-bei^)*}  (61) 

and  still  gives  the  inductance  in  centimetres. 

The  above  formula  applies  only  to  steady  or  very  low  frequency 
alternating  currents. 

In  applying  it  to  high  frequency  currents  it  needs  a  correction 
which  has  been  supplied  by  L.  Cohen  (see  Bulletin  of  the  Bureau  of 
Standards,  U.S.A.,  vol.  4,  No.  1),  in  a  "  Memoir  on  the  Influence  of 
Frequency  on  the  Resistance  and  Inductance  of  Solenoidal  Coils." 

The  inductance  of  a  helix  may  be  considered  to  be  partly  due  to 
the  magnetic  flux  which  is  linked  with  the  turns  of  the  spiral,  and 
partly  to  flux  which  exists  within  the  material  of  the  windings.  The 
former  part,  for  an  infinitely  long  spiral,  is  given  by  the  expression 
(irDN)^/,  or  by  the  complete  Russell  formula  for  a  spiral  not  infinitely 
long.  The  part  due  to  flux  within  the  material  of  the  windings  is 
less  in  the  case  of  high  frequency  alternating  currents  than  in  the 
case  of  steady  currents.  Hence  the  inductance  for  high  frequency 
currents  is  less  than  that  due  to  steady  currents.  The  diminution 
expressed  as  a  percentage  is,  however,  always  very  much  less  than 
the  increase  of  the  resistance  expressed  as  a  percentage  for  the  same 
spiral  and  the  same  frequency. 

^*  Dr.  A.  BuBsell,  "  On  the  Magnetic  Field  and  Inductance  Coefficients  of 
Circular,  Cylindrioid,  and  Helical  Currents,"  Phil,  Mag,,  April,  1907. 
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The  total  inductance  of  a  spiral  is  therefore  made  up  of  two  parts, 
one  due  to  the  interior  magnetic  flux  Hnked  with  the  turns  of  the 
spiral,  and  the  other  due  to  the  flux  within  the  material  of  the  spiral. 
In  the  case  of  continuous  or  steady  currents  these  two  components 
of  the  inductance  for  an  infinite  or  very  long  spiral  have  values 
respectively  equal  to  47r2N2r2/  and  ^^K^d{^r -^^  d%  where  /  is  the 
length  of  the  solenoid,  r  its  internal  radius,  d  is  the  diameter  of  the 
wire  of  which  it  is  made,  and  N  the  number  of  turns  of  wire  per  unit 
of  length  (see  "  Oliver  Heaviside,  Collected  Electrical  Papers,"  vol.  i. 
p.  356).  Hence  the  whole  inductance  L  for  steady  currents  of  a 
long  solenoid  formed  of  one  layer  of  wire  is  given  by — 

L  =  4,r2N2r2z(l+|^+iJ)    ....    (62) 

the  quantity  in  the  bracket  being  a  correcting  factor  for  the  finite 
diameter  of  the  vme. 

In  the  case  of  alternating  currents  of  very  high  frequency  (say, 
10<)  or  so)  L.  Oohen  shows  {loc,  cit,)  that  the  component  of  the 
inductance  due  to  flux  within  the  material  of  the  spiral,  assumed  to 
be  a  spiral  of  one  single  layer  of  closely  compacted  turns  of  square 
wire,  is  expressed  by  the  function^-  n 

^'''''''tZ^(^+^)      ■    .     •    (63) 

where  the  letters  have  the  signification  given  on  p.  147. 

If  the  frequency  is  very  high,  then  a^  =  j32  =  %r&p  and  is  a  large 
quantity.  Therefore  l/Sa^  can  be  neglected  in  comparison  with  unity. 
Hence,  as  in  the  case  of  the  similar  formula  for  the  resistance  in- 
crease, we  can  say  that  the  inductance  due  to  the  magnetic  flux 
vdthin  the  material  is  then  equal  to — 

64NWp^.^ 

and  the  whole  inductance  of  the  solenoid  of  one  layer  of  closely 
adjacent  turns  is — 

L"  =  4^2N2r2/  +  ^iN'^f^^l.2    ....     (65) 


=  47r2N2;-2/(^l4.0-31-^^).     .     .     .     (66) 


This  value  of  L"  is  always  rather  less  than  the  value  of  L  for  the 
same  spiral. 

Hence  the  diminution  in  inductance  of  a  long  solenoid  of  one 
layer  due  to  frequency  and  spiralization  expressed  as  a  percentage 
of  the  steady  inductance  is  given  by — 

100  ^1  —  -    /p\ 

100(L  -  L")            V         2  V  w  r        ,  ,  ,^„. 

^  -  ^-  J-  -     ^  = ^ (nearly)     .     .     (67) 

■^  +  25 
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Thus,  for  instance,  if  N  =  4,  p  =  1600,  »  =  lOe,  r  =  5,  rf  =  0-2,  we 

100(L-L")      ^.  .      .^. 

^   J  — — ^  =  2*4,  or  about  2^  per  cent. 


have 


If  we  require  the  inductance  of  a  fairly  long  coil  or  solenoid  of 
length  I  cms.  consisting  of  wire  of  diameter  d  cms.  wound  in  one 
single  layer  of  N  turns  per  cm.  on  a  former  of  diameter  D  cms.,  D 
being  smaller  than  I,  we  can  obtain  it  by  multiplying  the  quantity 
(ttDN)*^  by  two  factors,  one  the  quantity  within  the  second  pair  of 
brackets  in  formula  (60)  which  corrects  for  finite  length  or  ratio  D/l 
and  the  second  which  is  the  quantity  in  the  backets  in  formula  (66) 
which  corrects  for  frequency.  These  formulsB  have,  however,  been 
obtained  on  the  assumption  that  the  wire  is  rectangular  in  section 
and  fills  up  the  whole  space  with  only  infinitely  thin  insulation 
between  the  turns.  Since  in  general  the  wire  is  round  wire  of 
diameter  d  and  insulated  up  to  a  diameter  di  we  have  to  apply  a 
correction  AL  which  is  subtracted,  which  corrects  for  this  ratio. 
It  has  been  shown  by  E.  B.  Bosa  of  the  Washington  Bureau  of 
Standards  that  AL  =27rDN/  (A  -{-  B),  where  A  and  B  are  constants 
depending  respectively  upon  the  ratio  d/di  and  NZ  which  are  given  in 
the  following  tables : — 


d/di 

A 

+  0-6668 

djdi 

A 

1-00 

0-66 

-  0-0410 

0-96 

-f  0-6066 

0-60 

-01363 

0-90 

-f  0-4616 

0-46 

-  0-2416 

0-S5 

+  0*8943 

0-40 

-  0-3694 

0-80 

+  0-3337 

0-36 

-  0-4928 

0-75 

+  0-2691 

0-30 

-  0-6471 

0-70 

+  0-2001 

0-26 

0-8294 

0-65 

+  0-1261 

0-20 

-  10626 

0-60 

+  0-0460 

016 

-1-3404 

010 

-  1-7467 

m 

B 

NI 

B 

1 

+  0-0000 

40 

+  0-3148 

2 

+  0-1137 

60 

+  o-3ite 

3 

+  0-1663 

60 

+  0-3216 

4 

+  01973 

80 

+  0-3267 

6 

+  0-2629 

100 

+  0-3280 

8 

+  0-2632 

200 

+  0-3328 

10 

+  0-2664 

300 

+  0-3343 

16 

+  0-2867 

400 

+  0-3861 

20 

+  0-2974 

1000 

+  0-3365 

30 

+  0-3083 

As  an  example  take  the  following  case.  Let  the  coil  consist  of 
wire  2  mm.  in  diameter  wound  in  4  turns  per  cm.  on  a  former  10 
cms.  in  diameter  and  100  cms.  long.     Then  d  =  0-2,  N  =  4,  D  =  10, 


160 


HIGH  FREQUEKOT  ELEOTRIO   MEASUREMENTS 


b  — 


■4-C-* 


•  ••'• 

•  ••• 


I 


•  ••• 


il 


1 


I  =  100  and  di  =  0-26.  Hence  d/d^  =  08,  NZ  =  400.  Therefore 
A  =  0-3337,  B  =  0-3361,  A  +  B  =  6-6688.  Also  (7rDN)2i  =  1577636 
and  27rDN;(A  +  B)  =  17800.  Now  D/Z  =  0-1  and  hence  the  cor- 
rection for  oimension  ratio  given  in  formula  (62)  is  equal  to  a  factor 
of  0-9687.  For  high  frequency  the  correction  for  field  within  the  wire 
is  very  small  and  hence  the  high  frequency  inductance  of  the  above 

coil  is  nearly  1677636  X  0-969  -  17800 
=  1496057  or  very  nearly  1-6  milli- 
henrys. 

A  very  commonly  used  form  of  in- 
ductive circuit  in  radiotelegraphy  is  a 
spiral  of  bare  or  insulated  wire  wound 
on  a* cylinder,  the  diameter  of  which 
is  not  small  compared  with  its  length, 
in  a  single  layer,  or  else  formed  into  a 
flat  spiral  of  a  single  layer. 

It  is  necessary  then  to  consider  the 
predetermination  of  the  inductance  of 
single-layer  spirals  of  various  forms  and 
types. 

Maxwell  showed  that  the  inductance 
L  of  a  circular  conductor  of  n  turns, 
having  a  rectangular  section  of  radial 
depth  Cf  and  axial  breadth  ^,  and  mean 
radius  r,  is  approximately  given  by — 
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Fio.  5. — Circular  Inductance 
Coils. 


where  E  is  the  geometric  mean  £stance 
of  the  section  from  itself,  that  is,  the 
geometric  mean  of  the  distances  between 
all  possible  pairs  of  elements  of  area 
into  which  we  can  divide  the  total  cross- 
section.  The  value  of  logc  B  for 
rectangle  is — 


a 


log.  R  =  logV*2  +  ^^-Y^i  logVl  +  p 


*2        6  62 


^'^ogVl+f 


(•2 


-4-  -  -  tan~*  — \-  —  tan~i  - 

^ 3  c  b^Sb  c      12 


(69) 


It  will  be  seen  that  the  expression  remains  the  same  if  b  and  c 
are  interchanged.  Accordingly  for  the  same  mean  radius  and  turns 
a  coil  of  breadth  b  and  depth  c  has  the  same  inductance  as  a  coil  of 
breadth  c  and  depth  b  (see  Fig.  6).  Hence  for  the  same  mean  radius 
and  number  of  turns  a  flat  helical  spiral  of  one  layer  has  the  same 
inductance  as  a  cylindrical  hehx  of  one  layer.  Numerous  formulaa 
have  been  given  for  the  inductance  of  single  layer  spirals  having 
various  dimension  ratios.     The  expression  given   by  Maxwell  was 
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shown  by  Weinstein  to  be  not  quite  correct,  and  he  gave  another 
which  was  subsequently  simplified  by  Stefan  as  follows : — 


L.w!(l+?^-^),«g 


--- -Ci+T^Ii^Si 


(\     ■      96r2    /*^«V^2+r2       ^'  '  16r2 


(70) 


where  L  is  the  inductance  for  steady  currents,  r  is  the  mean  radius 
of  the  coO,  b  is  the  breadth  and  c  the  depth  of  the  section  (rect- 
angular), and  Gi  and  O2  are  constants  which  are  functions  of  -  or 

c 

~.  which  have  been  tabulated  as  follows : — 
0 


b     c 


000 

0-06 

010 

0-15 

0-ao 

0-25 
0-80 
0-85 
0-iO 
0-45 
0-60 


0-50000 
0-54899 
0-59248 
0-68102 
0-66520 
0-69582 
0-72172 
0-74469 
0-76454 
0-78154 
0-79600 


0-1250 
0-1269 
0-1825 
0-1418 
0-1548 
0-1714 
01916 
0-2152 
0-2428 
0-2728 
0-8066 


b  c 
-orr- 
c     b 


0-65 
0-60 
0-65 
0-70 
0-75 
0-80 
0-85 
0-90 
0-95 
100 


0-80815 
0*81828 
0-82648 
0-88811 
0-88881 
0-84225 
0-84509 
0*86697 
0-84801 
0-84884 


0-8487 
0-8889 
0-4274 
0*4789 
0-5284 
0-5760 
0-6817 
0-6902 
0-7518 
0-8162 


The  above  formula  is,  however,  obtained  on  the  supposition  that 
the  wire  is  square-sectioned  wire  with  infinitely  thin  insulation,  and 
packed  so  as  to  fill  up  the  whole  of  the  rectangular  space  b  X  c.  As, 
however,  the  wire  used  is  generally  round  wire  with  thick  insulation, 
and  does  not  fill  up  the  whole  space,  three  corrections  to  the  above 
formula  have  to  be  made,  which  are  all  additive  and  may  be  com- 
bined into  a  single  correction  AL,  so  that  the  actual  inductance  is 
L  -|-  aL,  where  AL  has  the  value — 


AL  =  4wm(log^^  + 0-13806 +  C).     .     .     (71) 


The  first  term  takes  account  of  the  fact  that  the  wire  is  round  and 
of  diameter  d  and  insulated  up  to  a  diameter  di.  The  second  term 
reduces  from  square  to  round  section,  and  the  third  term  C  takes 
account  of  the  difference  in  the  mutual  inductance  of  the  various 
terms  when  the  wire  is  of  round  section  from  that  when  it  is  of  square 
section  and  having  no  insulation.  Maxwell  considered  that  this  term 
C  was  constant  and  had  a  value  —  0*01971,  but  Rosa  has  shown  in 
Bulletin  No.  3,  p.  37,  of  the  Bulletins  issued  by  the  Bureau  of 
Standards,  Washington,  that  G  is  a  function  of  the  number  of  layers 
and  windings  as  follows : — 

M 
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Tnrnt. 

Lcy«n. 

c. 

2 

1 

0-006528 

8 

1 

0009045 

4 

2 

001691 

1 

1 

001085 

8 

2 

0*01886 

10 

1 

0-01276 

20 

1 

*0-01357 

16 

4 

0-01512 

100 

10 

0-01718 

400 

20x20 

0-01764 

1000 

50x20 

0-01778 

Infinite 

^^ 

001806 

The  above  formula  and  correction  enables  us  to  calculate  the 
inductance  of  cylindrical  o^  flat  spiral  coils,  provided  that  the  breadth 
h  or  depth  c  are  small  compared  with  the  mean  radius  r. 

Thus,  for  instance,  we  can  employ  the  above  formulaB  to  pre- 
determine the  inductance  of  a  flat  spiral  of  one  layer  and  10  turns 
with  mean  radius  10  cms.,  the  turns  being  closely  adjacent,  and  made 
of  round  copper  wire  insulated  up  to  a  diameter  of  5  mm.,  the  ratio 

^  being  2*6.  ^ 

Then   we    have    r  =  10,   b  =  0-5,    c  =  6-0,    ft2  _|_  ^2  =  26-25, 

V^^ +-,2  =  5025,   8^=80,^^^C^-=g^=15-92,    log.   15-92 


=  2-7676,  47m2r  =  12566, 1  + 


Then 


3&2  +  gg 
96r2 


=1-0026. 


L  ==  12566 (10026  X  2-7676  —  0-59243  +01325  X  000016) 
=  12566  X  2-18236  =  27424  cms. 
also       AL  =  1256-6  (log, 2-6  +  0-13806  +  001276)  =  1445 
andL4-ALr=  28869  cms. 

In  order  to  check  the 
accuracy  of  this  predeter- 
mination, a  flat  spiral  was 
made  by  windmg  I.B. 
covered  ^  wire  on  a  flat 
board,  as  shown  in  Fig.  6. 
The  total  length  of  wire 
used  was  628*3  cms.  or  21 
feet.  The  outside  turn  was 
25  cms.  in  diameter  and  the 
inside  15  cms. 

The  inductance  was 
measured  with  the  cymo- 
meter, as  follows :  An  oil 
condenser       of       capacity 

Fig.  6.— Flat  Spirallnductance  CoU.  0-00129    mfd.    was     joined 

up  in  series  with    a  rect- 
angle of  wire  of  calculated  inductance  5000  cms.      The  oscillation 
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constant  of  this  circuit  was  then  V  5000  X  0-00129  =  2-64.  Two 
similar  spirals,  made  as  above  described,  were  then  inserted  in 
series  in  this  oscillatory  circuit,  and  the  corrected  oscillation  constant 
found  to  be  8*97.  Hence  the  inductance  L  of  the  spiral  is  obtained 
from  the  equation — 

(6000  +  2L)  X  0-00129  =  (8-97)2  =  80-46 

Hence  the  inductance  of  each  spiral  is — 

A  X  (62372  -  6000)  =  28,686  cms. 

Accordingly,  theory  predicts  the  inductance  to  be  28,869  cms.,  and 
experiment  finds  it  to  be  28,686,  a  difference  of  about  one-half  of  1 
per  cent. 

Another  test  was  made  with  a  coil  of  16  turns  of  ^  wire  insulated 
up  to  a  diameter  of  0*43  cm.  Equal  lengths  of  wire  were  wound  up 
respectively  into  a  flat  helix  of  turns,  and  also  into  a  cylindrical 
coil  of  16  turns,  the  mean  radius  in  both  cases  being  nearly  7*26  cms. 
and  the  turns  closely  adjacent.  We  have  then  r  =  7*26  cms.,  r»  =  16 
and  *  =  0-43,  c  =  6-6  for  flat  spiral,  and  I  =  6*6,  c  =  0-43  for 
cylindrical  coil. 

Hence  r^  =  62-66 

\/f2+^=6-6 

l°«.V6^,.  =  2-188 

^ftmh-  =  20,488 

h     c       \ 
Also  for  the  ratio  -  =  5-  =  ^^  we  have — 

Ci  =  0-662  and  Cg  =  0-132 

Again,  1  +     95  2     =  1'009  for  the  flat  spiral  and  1-026  for  the 

cylindrical  coil,  whilst  ^^-^  =  0-00024  for  the  flat  spiral  and  0-06  for 

the  cylindrical. 

Hence  L  =  33723  cms.  for  the  flat  spiral 

and    L  =  34584  for  the  cylindrical  coil. 

The  correction  aL  is  the  same  in  both  cases.  We  have  di  =  0*43, 
d  =  0-15,  ^^  =  3,  log.  ^  =  1-09852,  4^r  =  1366. 

Therefore,  AL  =  1366  (1-09862+  0*13806  x  001361) 

=  1366  X  1-25  =  1707 

Accordingly  the  predetermined  inductances  are  36,430  cms.  for  the 
flat  spiral  and  36,291  cms.  for  the  cylindrical  coil. 

The  actual  values  measured  as  above  described  by  the  cymometer 
were  36,086  cms.  for  the  flat  spiral  and  37,340  cms.  for  the  cylindrical 
coiL 

The  difference  in  the  predetermined  values  for  the  flat  spiral  and 
the  solenoid  of  same  mean  radius  and  number  of  turns  is  due  to  the 
fact  that  the  Stefan  formula  is  not  quite  symmetrical  in  b  and  c,  and 
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hence  does  not  give  exact  values  unless  6  and  c  are  both  small  com- 
pared with  r. 

The  difference  in  the  measured  values  is  also  due  to  a  small 
difference,  about  2  per  cent.,  in  the  mean  radii  of  the  flat  spiral  and 
solenoidal  coil. 

The  agreement,  however,  is  sufficiently  close  to  show  that  for 
approximate  predeterminations  of  the  inductance  of  flat  spirals  the 
Stefan  formula  can  be  employed  with  certain  restrictions.  Several 
other  tests  have  been  made  confirming  this  conclusion. 

For  instance,  a  flat  spiral  of  17  turns  was  made  by  winding  up  on 
a  board  insulated  copper  wire,  No.  18  S.W.G.  size.  The  diameter 
of  the  bare  wire  was  0*1219  cm.  =  d,  and  the  diameter  over  the 
insulation  was  044  cm.  =  ef^.  The  mean  radius  of  the  spiral  was 
7'76  cms.  =  r  and  the  depth  of  the  winding  was  7*6  cms.  =  c,  and 
width  was  0*44  cm.  =  6.  Hence  from  Stefan's  formula  (70)  we 
have  for  the  inductance  L,  L  =  44,350  cms.  Maxwell's  correction 
for  diameter  AL  =  2380  cms.  Hence  the  total  calculated  in- 
ductance was  46,730  cms.  The  inductance  of  this  spiral  was 
measured  by  a  high  frequency  method  (see  next  section)  at  a 
frequency  of  one  million,  and  also  by  the  Anderson-Bridge  method  at 
lower  frequencies  of  1000  and  5000. 

The  results  were  as  follows  : — 

Inductance  at    10®    =  43,646    cms. 
„    1000  =  45,600      „ 
„    5000  =  47,100      „ 

The  mean  of  the  last  two  low  frequency  measurements  is  46,300, 
which  agrees  fairly  well  with  the  calculated  value,  viz.  46,730  cms. 
The  high  frequency  value  is  less  than  the  low  frequency  value  as  it 
should  be. 

These  results  show  that  the  Stefan  formula  may  be  trusted 
within  the  limits  of  its  range  to  give  an  approximately  correct  result 
for  such  flat  or  short  cylindrical  coils  as  are  used  in  radiotelegraphy. 

As  regards  circular  coils  wound  with  n  total  turns  of  wire  in  a 
single  layer,  the  mean  radius  of  each  circular  turn  being  r  cms.  and 
the  over  all  breadth  or  length  of  the  coil  being  h  cms.,  such  that  hjr 
is  small  compared  with  unity.  Lord  Rayleigh  gave  in  1881  a  con- 
venient formula  for  the  inductance  as  follows  : — 

L  =  47rrn2|log,  ^  -  g  -f  ^^o%. -^  +  ^  j| 

If  the  wire  is  circular  and  insulated  or  the  turns  separated  we 
have  to  apply  the  correction  AL  =  477t/i(A  +  B),  the  constants  being 
taken  from  the  two  Tables  on  p.  159.  If  the  total  A  +  B  is  positive 
in  sign  it  has  to  be  subtracted,  and  if  negative  added  to  the  value  of 
L  given  by  the  Eayleigh  formula  to  obtain  the  true  inductance. 

Very  convenient  forms  of  variable  inductance  without  sliding 
contacts  can  be  made  with  flat  spiral  coil.  For  instance,  two  such 
spirals  may  be  mounted  on  hinged  boards,  so  as  to  come  more  or  less 
into  apposition  to  each  other.  The  two  spirals  can  be  joined  up  in 
series  by  a  flexible  connection  so  that  when  the  boards  are  shut  up 
like  a  book,  the  currents  in  the  two  spirals  oppose  each  other,  and 
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the  joint  effect  is  a  minimum  inductance  (see  Fig.  7).  When,  how- 
ever, the  boards  are  opened  out  the  inductances  of  the  two  coils  are 
added  and  the  joint  inductance  is  a  maximum.  We  can,  therefore,  by 
opening  the  hinged  boards,  more  or  less  adjust  the  inductance  in 
al)out  the  ratio  of  8 :  1  without  altering  the  total  resistance  or  intro- 
ducing a  rubbing  contact. 

We  Q^  also  mount  four  spirals  on  two  boards  pivoted  at  the 
centre,  so  as  to  cross  each  other  and  join  up  these  four  coils,  so  that 
when  the  upper  board  is  turned  round  through  180°  the  inductance 
varies  from  a  minimum  to  a  maximum  value  over  a  considerable 
range  (see  Fig.  8).  Another  convenient  form  of  variable  inductance 
consistis  of  a  circular  or  cylindrical  coil  in  the  interior  of  which  is  a 
coil  wound  on  another  concentric  cylinder  or  circle.  The  two  coils 
are  joined  in  series,  and  the  inner  coU  can  be  turned  round  an  axis  so 


Fio.  7. — Double  Flat  Spiral  Variable  Indaotanoe. 

that  its  current  coincides  with  or  else  opposes  in  direction  that  in  the 
fixed  coil.  The  inductance  can  thus  be  varied  continuously.  Such 
arrangements  are  useful  in  tuning  coils  for  radiotelegraphic  receivers 
and  transmitters. 

i.  The  Practioal  Heasarements  of  Small  InductanceB. — The 

inductances  with  which  we  are  concerned  in  practical  high  frequency 
work  are  generally  small,  that  is,  do  not  exceed  a  few  thousand 
centimetres  or  a  few  microhenrys.  Hence,  methods  are  required 
for  quickly  and  accurately  determining  the  value  of  such  inductances. 
There  is  no  occasion  to  occupy  space  with  a  discussion  of  all  the 
numerous  methods  which  have  been  proposed  for  measuring 
inductance.  For  this  information  the  reader  must  be  referred  to  text- 
books on  electrical  measurements.  The  author  has,  however,  worked 
out  in  detail  one  very  convenient  method  for  measuring  small 
inductances,  which  has  been  found  to  be  most  useful  for  this 
pnrpose.^^ 

>*  See  J.  A.  Fleming  and  W.  C.  Clinton,  "On  the  Measurement  of  Small 
Inductances  and  Capacities,"  PhiL  Mag.,  May,  1908,  ser.  6,  vol.  5,  p.  492,  or 
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The  inductive  coil  L,  R  (see  Fig.  9),  or  circuit  of  which  the 
inductance  L  is  to  be  measured,  is  connected  to  a  Wheatstone's 
Bridge,  P,  Q,  S,  in  the  usual  way,  and  a  plug  resistance  box,  capable 
of  giving  a  high  resistance,  r,  is  placed  in  the  bridge  circuit,  together 
with  a  condenser,  C,  as  described  by  Professor  Anderson.20 

The  condenser  may  consist  of  one  or  more  Leyden  jars,  or  pre- 
ferably a  condenser  made  of  sheets  of  ebonite  coated  with  tinfoil 
placed  in  oil,  and  the  capacity  of  this  condenser  must  be  very 
accurately  detennined  by  the  method  given  in  §  7  of  this  chapter. 
In  the  bridge  circuit  must  be  arranged  a  galvanometer,  G,  exchange- 
able with  a  telephone,  T,  and  in  the  battery  circuit  (see  Fig.  2)  a 
"  buzzer,"  Z,  or  device  for  interrupting  the  circuit  about  250  or  300 


Pig.  8. — Continuously  Variable  Inductance. 

times  a  second.  This  buzzer  consists  of  a  thin  plate  of  iron  placed 
over  an  electromagnet.  There  is  a  platinum-tipped  contact  point 
above  the  plate,  arranged  like  that  of  an  electric  bell,  so  that  when 
the  magnet  is  energized  by  a  couple  of  secondary  cells  the  plate 
vibrates  rapidly.  A  second  platinum  contact  is  arranged  on  the 
plate,  so  as  to  interrupt  the  battery  circuit  of  the  bridge.  The  buzzer 
is  best  contained  in  a  sound-proof  box.  The  first  step  is  to  balance 
the  resistance  of  the  inductive  coil  L,  B  on  the  bridge  for  steady 
currents,  using  the  galvanometer  G  as  a  detector,  or  else  the  buzzer 
and  telephone  in  series  may  be  put  in  the  place  of  the  galvanometer. 

Proc.  Phys.  Soc,,  London,  voL  18,  p.  886.  Also  J.  A.  Fleming,  "Note  on  the 
Measurement  of  Small  Inductances  and  Capacities,"  Phil.  Mag.t  May,  1904, 
ser.  6,  vol.  7,  p.  686. 

**  See  A.  Anderson,  "  On  a  Method  of  Measuring  Inductance,*'  Phil.  Mag., 
1891,  vol.  81,  p.  829 ;  or  The  Electrician,  vol.  27,  p.  10 ;  or  J.  A.  Fleming,  "  Hand- 
book for  the  B^lectrical  Laboratory  and  Testing  Boom,"  vol.  ii.  p.  192. 
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If  the  resistance  of  the  mductive  coil  is  very  low,  it  may  be  increased 
by  adding  a  non-inductive  resistance  to  it.  The  buzzer  is  next  put 
in  the  battery  circuit,  and  the  telephone  in  the  bridge  circuit,  and  the 
high  resistance  r  in  the  bridge  circuit  altered  until  the  telephone 
gives  no  sound.  If  the  observer  has  an  acute  ear,  or  obtains  the 
assistance  of  some  one  who  has,  it  is  possible  to  do  this  with  such 
an  accuracy  that  a  variation  of  1  per  cent,  or  less  in  the  resistance  r 
is  detectable. 

It  can  then  be  shown  that  the  inductance  L  of  the  coil  measured 
in  henrjrs  is  given  by  the  formula  given  by  Anderson  {}oc,  cU.),  viz. — 


L  =  ^{r(E  +  S)  +  RQ} 


(72) 


where  C  is  the  capacity  of  the  condenser  in  microfarads,  and  B  is  the 


Fig.  9. — Anderson-Fleming  Bridge  Method  of  measuring  Inductance. 

whole  resistance  in  the  arm  of  the  bridge  which  contains  the  inductive 

circuit.     Since  P :  Q  =  B :  S  when  the  bridge  is  balanced  for  steady 

currents,  and  since  the  balance  is  not  upset  by  the  adjustment  or 

introduction  of  the  resistance  r,  we  can  write  the  above  formula  in 

C      /  P         \ 

the  form  L  =  tt^S  ( ^  +  ^  t^  +  P)i  which  gives  the  inductance  in 

henrys,  or  L  ^  lOK/S  (^  +  ''k  +  ^)»   giving  the  inductance  in 

centimetres,  the  last  being  rather  more  convenient  for  most  calcula- 
tions. 

The  above-described  method  has  been  much  used  and  tested  by 
the  author  and  his  assistants  in  the  last  few  years,  and  fotmd  to 
afford  an  excellent  means  for  measuring  inductances  as  small  as  5  or 
10  microhenrys  (mhys.).  It  requires  no  apparatus  that  is  not  found 
or  can  be  easily  made  in  any  electrical  laboratory.     The  result  gives 
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US  L,  or  the  low  frequency  inductance  of  the  coil  or  circuit.  If, 
however,  this  is  made  of  round-sectioned  copper  wire,  the  high 
frequency  resistance,  and  therefore  inductance,  can  easily  he 
calculated  from  the  formula  already  given. 

As  an  example  of  the  method,  we  may  give  the  following 
instances  of  two  measurements  of  inductances,  one  small  and  one 
very  large. 

The  first  case  is  that  of  a  long  helix  of  insulated  wire,  con- 
sisting of  a  single  layer  of  5000  closely  adjacent  turns  wound  on  a 
wooden  circular-sectioned  rod,  the  mean  diameter  of  a  circular  turn 
heing  4096  cms.,  and  the  length  of  the  hehx  200*3  cms.  By  the 
formula  for  the  inductance  of  such  a  helix  already  given,  we  have 
L  =  (7rDN')(7rDN),  and  since  N  =  6000,  D  =  4*096,  and  N'  =  ^?f , 
we  have  in  this  a  calculated  value  L  =  20*6  X  10®  cms. 

This  helix  was  connected  to  a  bridge,  and  had  its  inductance 
measured  with  a  telephone  and  buzzer  as  above  described.  The 
values  of  the  various  bridge  arms,  bridge  resistance,  and  the  capacity 
were  as  follows : — 

P  =  100  ohms,  Q  =  100  ohms,  R  =  162  ohms,  S=  152  ohms, 
r  =  217  ±  1  ohms,  0  =  0-256  mfd. 

Hence  L  =  266  X  162  (217  +  217|§g  +  100)  =  20-8  X  10«  cms. 
The  agreement  is  fairly  close. 

The  second  case  is  that  of  a  round-sectioned  copper  wire 
0164  cm.  in  diameter,  laid  round  a  room  in  the  form  of  a  square, 
the  side  of  which  was  607*1  cms.,  the  ends  being  brought  to  the 
middle  of  one  side  and  connected  to  the  bridge.  By  the  formula  (53) 
on  p.  155  for  the  inductance  of  such  a  square,  we  have — 


L  =  8S  (2-3026  logio  — -2-6)  .     •     •    •    (73) 


We  take  2-6  as  the  constant  instead  of  2-853,  because  in  the 
measurement  here  made  we  are  concerned  with  a  low  frequency 
inductance,  and  the  larger  value  of  the  constant  concerns  the  high 
frequency  inductance. 

Hence,  substituting  the  measured  values  S  =  607-1  cms.  and 
d  =  0-1994  cm.,  we  have  L  =  39,726  cms. 

The  inductance  was  then  measured  as  above,  using  a  bridge  and 
a  condenser  consisting  of  two  Leyden  jars  having  a  total  capacity 
together  of  0002783  mfd. 

The  following  were  the  values  of  the  bridge  arms  and  bridge 
resistance : — 

P  =  10  ohms,  Q  =  1000  ohms,  R  =  1-46  ohms,  S  =  146  ohms, 
r  =  92  ±  0-5  ohm,  G  =  0002783  mfd. 

Hence  L  =  1000  x  0002783  X  146(92  4-  0-92  +10) 
=  41,816  cms.,  or  41816  mhys. 

The  value  calculated  from  first  principles  is  39-7  mhys.,  or  less  by 
2'5  per  cent,  than  the  observed  value. 

The  capacity  of  the  condenser  used  was  not  probably  ascertained 
with  certainty  to  less  than  2  per  cent.  Hence  for  such  a  small 
inductance  the  agreement  is  fairly  good. 

The  same  method  is  applicable  to  the  measurement  of  small 
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mutual  induoiances.  If  two  coils  are  placed  ¥rith  axes  in  one  line, 
they  exert  on  each  other  a  mutual  inductance,  and  the  current  in  one 
when  varying  produces  an  induced  current  in  the  other.  The  mutual 
inductance  or  coefficient  of  mutual  inductance,  M,  is  defined  to  be 
the  numerical  value  of  the  total  magnetic  flux  which  is  linked  with 
both  coils  when  unit  electric  current  flows  in  them. 

Hence,  if  we  join  both  the  coils  in  series,  and  call  L  and  N  ithe 
inductance  or  self-induction  of  each,  and  M  the  mutual  inductance  or 
coefficient  of  mutual  induction,  then  the  total  flux  linked  vnth  the 
circuit  when  unit  current  flows  in  it  is  either  L  -^  2M  4-  N  or 
L  —  2M  -|-  N,  according  as  the  currents  flow  the  same  way  or  the 
opposite  way  in  the  two  coils.  Accordingly,  if  we  join  up  two  such 
coils  pf '  one  circuit,  and  measure  the  inductance  of  the  circuit,  first 
with  the  coils  joined  up  to  add,  and  secondly  with  the  coils  joined  so 
as  to  oppose  their  respective  fields,  and  call  L2  and  L2  the  apparent 
inductances,  we  have — 


L8  =  L  — 2M  +  N5 ^    ' 


whence  M  =5  —i—. — - 


If,  then,  we  measu're  L  or  N  separately,  we  have  all  three 
coefficients. 

As  an  instance  of  such  a  measurement,  we  give  the  following : — 
Two  equal  square  coils,  each  consisting  of  8  turns  of  wire,-  the 
side  of  each  square  being  64'5  cms.,  were  placed  parallel  to  each 
other  and  at  a  little  distance.    The  inductance  was  then  measured. 

(i.)  Of  each  coil  separately  =  L  and  N 

(ii.)  Of  both  coils  in  series,  but  far  apart  and\  __  t    ,    vr 

with  planes  at  right  angles  |  —  1j  +  JN 

(iii.)  Of  both  coils  so  joined  in  series  to  add\       ^       ^.,,      ^ 

their  fields  j  =  L.  +  ^M  +  JN 

(iv.)  Of  both   coils  so  joined  in   series  as   to^ 

oppose  their  fields  |  =  L.  -  2M  +  JN 

The  values  were  found  by  the  bridge  method  (Anderson-Fleming 
method)  just  described  with  the  telephone  and  buzzer  at  a  frequency 
of  256  or  so.    The  results  were — 

L  =  116,200  cms.,  N  =  116,200  cms. 
L  +  N  =  234,600  cms. 

L^  =  L  -f  2M  +  N  =  287,800  cms. 
Lg  =  L  —  2M  -f  N  =  180,700  cms. 

From  the  last  two  observations  we  find  M  =  26,775  cms.,  and 
L  -f  N  =  234,200,  which  agrees  very  well  with  the  direct  measure- 
ment of  L  +  N  =  234,600,  and  fairly  with  that  of  the  sum  of  L  and  N 
separately,  which  is  232,400  cms. 

M 
The  quantity    .    -=k  is  called  the  coefficient  of  coupling,  and  in  the 
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above  case  Ic  =  -^^^^  =  0*23.  Hence  the  coupling  would  be  described 
Ks/airlj/  close,  because  it  is  greater  than  01. 

The  above  method  is  easily  applied  to  determine  the  mutual 
inductance  of  two  coils  at  any  moderate  distance  from  each  other,  and 
thus  to  set  out  a  curve  showing  the  variation  of  mutual  inductance  of 
the  coils  with  that  distance. 

Methods  have  been  devised  by  the  author  for  measuring  directly 
the  high  frequency  inductance  and  coefficient  .of  coupling  for  high 
frequency  currents  of  coils  by  means  of  a  special  instrument  called  a 
cymometer,  to  which  further  reference  will  be  made  later  on. 

This  instrument  enables  us  to  determine  the  frequency  in  an 
oscillating  circuit  (see  Chap.  YI.). 

Deferring  for  the  present  a  detailed  description  of  the  appliiince, 
we  may  note  that  since  the  frequency  of  an  oscillating  circuit  is  given 
by  the  formula — 

5X  log 
""  -  VOL' 

where  G  is  the  capacity  of  the  condenser  in  it  in  microfarads,  and 
L'  the  high  frequency  inductance  in  centimetres,  we  can  determine 
L'  if  we  know  Cf  and  n.  The  cymometer  enables  us  to  measure  the 
frequency  n,  and  then,  assuming  the  capacity  of  the  condenser  used 
can  be  measured  independently,  we  calculate  L'  by  the  formula — 

^,     26  X  1012 

where  G  is  measured  in  microfarads  and  L'  is  given  in  centimetres. 

The  process  of  measurement  consists  in  placing  the  coil,  the 
inductance  of  which  is  required,  in  series  with  a  spark  gap  and  a 
condenser,  say  a  Leyden  jar,  of  known  capacity,  and  by  means  of 
an  induction  coil  exciting  electric  oscillations  in  the  circuit.  The 
frequency  of  these  oscillations  being  measured  by  the  cymometer  or 
other  means,  we  have  the  value  of  n,  and  therefore  of  L'. 

In  one  form  of  c3rmometer  the  measurement  actually  made  is  the 
wave  length  of  a  stationary  electric  oscillation  set  up  on  a  long  helix 
of  wire.  The  velocity  with  which  this  wave  travels  along  the  helix 
can  be  determined  from  the  calculated  inductance  and  measured 
capacity  of  the  spiral  per  unit  of  length.  For  the  particular  helix 
with  which  the  measurements  below  given  were  made,  this  velocity 
was  found  to  be  175  X  10®  cms.  per  second.  The  process  of  measure- 
ment consists  in  attaching  the  helix  either  directly  or  with  the  inter- 
position of  a  small  air  condenser  to  an  oscillation  circuit  constructed 
with  a  known  capacity  and  with  the  inductance  to  be  determined, 
and  then  adjusting  a  sliding  metal  saddle  on  the  heUx  in  such  a 
position  that  when  the  saddle  is  connected  to  earth  the  section  of  the 
helix  between  it  and  the  oscillatory  circuit  is  one  complete  wave 
length  of  a  stationary  electric  wave  on  the  heUx.  The  quotient  of 
wave  velocity  along  the  helix  by  this  stationary  wave  length  then 
gives  us  the  frequency  7i  of  the  oscillatory  circuit  (see  Chap.  IV.  §  1). 

The  self  and  mutual  inductances  of  an  oscillation  transformer 
were  measured  for  a  frequency  2-5  X  10®  as  follows :  The  primary 
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coil  conaisted  of  one  turn  of  stranded  copper  wire  nearly  1  metre 

in  length  bent  into  the  form  of  a  square.    Its  inductance,  L,  was 

determined  by  finding  the  oscillation  frequency  as  above  described, 

when  this  coil  was  associated  with  a  condenser  having  a  capacity 

of  0-005835  mfd.  to  form  an  oscillatory  circuit.    The  wave  length 

on    the  cvmometer    heUx  was  found  to  be  71  cms.,  and   hence 

fk.  *         '  175  X  10«       ,  ,, .  , ,  ,  .         6  X  10« 

the  frequency  was  — -^-     ,and  this  must  be  equal  to  '/;:7^f.Q^^,  , 

where  L'  is  the  inductance  of  the  primary  coil  in  test.     Hence  L' 
=  719  cms. 

In  the  same  way  the  total  inductance  of  the  primary  and 
secondary  was  determined  for  the  two  modes  of  connection,  and 
found  to  be — 

Li  =  L  +  2M  +  N  =  57,933  cms. 


Lo  =  L  —  2M  +  N=  45,884  cms. 


whence  M  =  3137  cms. 
and  L  +  N  =  51,658  cms. 

'Deducting  the  separately  measured  primary  inductance,  viz. 
719  cms.,  from  L  -f  N  =  51,658  cms.,  we  have  the  secondary  induct- 
ance 50»940  cms.,  or  nearly  51,000  cms. 

A  separate  and  independent  measurement  of  the  inductance  N  of 
the  secondary  circuit  gave  the  value  N  =  52,600. 

The  difference  between  52,600  and  51,000  is  about  3  per  cent.,  but 

the  length  of  the  stationary  wave  on  the  helix  is  harmy  certain  to 

1  per  cent.,  and  the  inductance  varies  as  the  square  of  the  wave 

length  on  the  helix.    Hence  the  percentage  enc^r  of  the  wave  length 

is  doubled  in  calculating  the  inductance. 

M 
Prom  the  above  figures,  we  find  the  coefficient  of  coupHng  k  =   y-  .- 

for  this  transformer  to  be — 

Q1Q7 

k=    >  -  -     -  -        =  0-52  (nearly) 
V719X  51,000  ^         ^^ 

Hence  the  coupUng  is  close,  because  k  has  a  value  greater  than 
about  0*1. 

Another  confirmation  of  the  accuracy  of  this  last  method  was 

obtained  by  measuring  the  inductance  of  a  single  copper  wire  01994 

cm.  in  diameter  bent  into  the  form  of  a  square  having  a  side  of 

length  607*1  cms.     The  frequency  used  was  about  10<^.    Associating 

this  square  inductance  with  a  capacity  of  0*00146  mfd.,  the  cymometer . 

determined  the  frequency  of  the  oscillations  set  up  in  this  circuit  to 

,     175  X  10«        ,  ,, .    ,    ^^  ,  ,         ,      .  5  X  10«     . 

be  — ^^ — ,  and  this  by  the  general  formula,  viz.  n  =    ~/'a^^  gives 

US  a  value  for  L  of  39,970  cms.  as  the  inductance  of  the  square. 
The  inductance  calculated  from  the  length  of  side  of  square  =  S  and 
diameter  of  wire  =  (/  by  the  formula — 

L  ==  8S  (2*3026  log^o^  -  2  85) 

is  38,562  cms.     Hence  the  two  are  in  very  fair  agreement. 
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For  additional  information  on  the  measurement  of  small  induct- 
ances by  means  of  electric  oscillations  the  reader  is  referred  to  a 
paper  by  Mr.  H.  H.  Taylor,  in  the  Physical  Esvieiv  for  October,  1904, 
vol.  xix.  p.  273.  Taylor  employed  a  resonance  method  in  which  the 
inductance  to  be  measured  has  its  value  determined  by  substituting 
for  it  an  equivalent  inductance  obtained  by  sliding  a  slider  along  two 
parallel  wires.  The  inductance  per  unit  of  length  of  the  parallel  wires 
can  be  calculated,  and  hence  if  the  effective  length  of  the  parallel 
wires  is  altered  by  moving  the  slider,  the  addition  to  their  inductance 
becomes  known. 

The  arrangement  is  shown  in  Fig.  10.  An  oscillating  circuit  is  set 
up  consisting  of  a  capacity,  Ci  ;  an  inductance,  L2,  which  is  preferably 
variable ;  and  a  spark  gap,  S.  One  point  on  this  circuit  is  earthed 
at  E.     To  two  adjacent  points  on  L^  near  the  earthed  end  a  pair  of 


FiQ.  10. — Taylor's  Method  of  measuring  High  Frequency  Inductance. 

parallel  wires  are  connected,  and  in  the  run  of  one  of  these  is  inserted 
a  condenser,  C2,  and  the  inductance,  L2,  to  be  measured.  A  slider,  D, 
can  be  moved  along  the  parallel  wires.  The  measurement  consists 
in  moving  D  to  two  positions,  one  with  the  inductance  L2  short- 
circuited,  and  adjusting  the  position  of  D  so  that  the  maximum  cur- 
rent flows  in  the  parallel  wires,  as  shown  by  the  maximum  deflection 
produced  on  a  galvanometer,  G,  when  connected  with  a  delicate  thermo- 
electric junction,  T,  attached  to  some  point  on  the  parallel  wires. 

This  method  is  simple,  and  seems  capable  of  considerable  accuracy. 
It  can  be  checked  by  using  for  L2  a  single  wire  bent  into  the  form 
of  a  circle  or  square.  It  has  the  advantage  that  no  special  apparatus 
is  necessary.  The  only  limitation  is  that  the  method  is  not  applicable 
to  inductances  whose  resistances  vary  so  widely  as  to  affect  seriously 
the  period  of  the  auxiliary  circuit  unless  a  compensating  inductionless 
resistance  is  inserted  to  swamp  any  difference  in  the  resistances  of 
the  inductances  compared.  • 

For  a  description  of  another  form  of  direct-reading  cymometer 
devised  by  the  author  for  making  high  frequency  measurements  of 
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capacity  and  inductance,  the  reader  is  referred  to  Chap.  VI.  §  15  of 
thiis  treatise. 

S.  Indnctanoe  Coils  of  Variable  Indaotanoe.— In  practical 
work  on  electric  oscillations  or  Hertzian  wave  telegraphy,  we  often 
require  to  insert  in  circuits  inductances  which  can  be  varied  gradually 
or  by  steps.  Arrangements  for  effecting  this  are  called  inductance 
boxes  or  sliding  inductances.  In  some  cases  the  change  in  inductance 
must  be  gradual  and  not  accompanied  by  any  change  in  the  resistance, 
in  other  cases  a  slight  change  in  resistance  is  not  of  moment.  For 
varying  the  inductance  of  a  circuit  within  certain  narrow  limits 
without  making  any  break  in  the  circuit  or  change  in  its  resistance, 
a  very  convenient  arrangement  is  one  introduced  by  the  author, 
called  an  accordion  coil  or  concertina  coil,  from  its  rough  resemblance 
to  these  musical  instruments. 

On  a  tube  of  vulcanized  fibre  is  placed  a  couple  of  rings  of  wood, 
one  of  them  fixed  at  the  end  of  the  tube  and 
the  other  sliding  on  the  tube  (Fig.  11).  This 
last  ring  can  be  clamped  by  a  screw  in  any 
position.  The  rings  are  connected  by  a  spiral 
wire  of  brass  or  hard  drawn  copper,  which  is 
covered  with  indiarubberor  otherwise  insulated. 
When  the  rings  are  near  together  this  wire  is 
arranged  in  a  close  spiral  with  the  turns  in  one 
layer  and  touching.  When  the  rings  are  moved 
far  apart  the  turns  of  the  wire  are  widely 
separated,  and  the  inductance  has  then  a 
minimum  value. 

By  sliding  the  movable  ring  to  various 
positions,  the  inductance  can  be  given  any 
value  within  certain  limits.  When  a  small  ac- 
companying change  of  resistance  does  not 
matter,  the  following  arrangement  due  to  the 
author  is  effective.'^ 

On  a  boxwood  cylinder,  about  10  cms.  in 
diameter  and  100  cms.  in  length,  a  screw  groove  is  cut,  the  grooves 
being  separated  by  at  least  5  mm.  This  cylinder  is  mounted  wit^ 
brass  end  plates  and  held  in  bearings.  A  winch  handle  serves  to 
rotate  it  (see  Fig  12). 

In  the  groove  is  wound  a  bare  thick  copper  wire,  say  No.  12 
or  No.  14  S.W.G.,  and  the  ends  of  the  wire  are  soldered  or  screwed 
to  the  end  plates  on  this  cylinder.  Against  one  end  plate  a  spring 
contact  with  terminal  on  it  presses. 

Parallel  with  the  cyhnder  is  fixed  a  thick  brass  rod,  and  on  this 
travels  a  contact  piece,  the  end  of  which  makes  contact  with  the 
copper  wire.  .  A  weight  on  this  contact  serves  to  keep  a  good  electrical 
connection.  When  the  -cylinder  is  turned,  the  contact  piece  slides 
along  and  interposes  a  variable  number  of  turns  of  the  wire  between 
the  end  contact  on  the  cylinder  and  the  moving  contact  on  the  wire. 
Hence  the  inductance  between  these  points  can  be  varied. 

In  employing  such  an  inductance  with  high  frequency  currents, 

^  See  J.  A.  Fleming, "  On  a  Standard  of  Small  Induotanoe,"  Phil.  Mag.y  May, 
1904,  p.  892. 


Fig.  11.— Variable  Ac- 
cordion Coil  Induct- 
ance.   (Fleming.) 
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it  should  be  noted  that  as  there  is  always  a  certain  dielectric  current 
between  the  turns  of  wire,  which  acts  to  diminish  the  effective  induct- 
ance, and  it  must  not  be  assumed  that  such  a  bare  spiral  inductance 
has  exactly  the  same  inductance  for  high  frequency  currents  as  for 
low  frequency  currents,  apart  altogether  from  the  variation  of  dis- 
tribution of  current  over  the  cross-section  of  the  wire.  The  inductance 
for  high  frequency  currents  will  always  be  less  by  a  somewhat 
uncertain  amount  owing  to  this  dielectric  current  between  the  turns. 
When  a  small  variation  is  required,  a  couple  of  bare  wires  may  be 


^m^^         ^   ^     ^   ^      ^1^^^^^ 


6 


End  elevation. 


Plan. 
Fig.  12. — Variable  Ix^duotance  Coil.    (Fleming.) 

stretched  parallel  to  each  other,  and  a  sliding  metal  connecting  piece 
laid  across  them  and  moved  along.  The  same  remarks,  however,  as 
above  apply  in  this  case.  The  dielectric  current  across  from  wire  to 
wire  prevents  us  from  determining  exactly,  either  from  this  calculated 
value  or  a  low  frequency  measurement,  the  true  inductance  when  high 
frequency  currents  are  employed  with  it.  Nevertheless,  when  the 
inductance  is  not  required  to  be  known  very  accurately  the  arrange- 
ment is  convenient.   , 

In  the  case  of  larger  inductances  it  is  convenient  to  be  provided 
with  a  number  of  glass  or  ebonite  rods,  on  which  is  wound  silk- 
covered  copper  wire  in  one  layer,  the  turns  close  together.    The 
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length  of  the  rod  must  be  at  least  20  times,  aod  preferably  50  times, 
its  diameter,  sad  tbeD  the  induotance  oan  be  approximately  calculated 
from  the  Bussell  formula — 

where  N  is  the  total  namber  of  turns,  /  the  length,  D  the  diameter, 
S  the  cross-section  of  the  rod,  and  N'  the  number  of  turos  per  unit 
of  length  of  the  hells,  all  measurementB  being  in  centimetres  or 
square  centimetres. 

When  the  dimensioa  ratio  is  at  least  50  :  1,  the  inductance  pre- 
determined by  the  simple  formula  L  =  (irDN')'2  will  not  difEer  from 
the  actual  inductance  by  more  than  2  or  3  per  cent.,  as  shown  by  the 
comparison  between  the  so  calculated  value  of  a  ooil  used  by  the 
author,  and  its  indnotance  repeatedly  measured  by  the  bridge 
(Anderson -Fleming)  method. 
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3            DO 

10,000 

151-7 
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3e6±6 

0-00372 

V DO 

100 

163 
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217  ±1 

0-266 

20,800.000 

Meui  of  A  readingB  =  19-7  x  10"  cmi. 
M«Mi  of  B  readinss  =  19-S  x  10*  cms. 
Valae  oslcolAted  bom  tbe  formulA  L  -  (*DN}(irDN')  =  30-6  x  10*  cms. 

In  connection  with  the  question  of  standards  of  small  indnctance 
it  shonld  be  pointed  o«t  that  Mr.  A.  Campbell  has  advocated  the  use 
of  standards  of  mutual  inductance  for -the  following  reasons^ : — 

(a)  The  absolute  values  can  be  oalonlated  with  much  more  certainty 
from  the  geometrical  dimensions,  since  tbe  formultB  for  mutual  in- 
ductance Eu-e  of  high  theoretical  accuracy  while  those  for  self -inductance 
are  much  less  satisfactory  .^3 

(&)  Unless  the  conductors  are  highly  stranded,  the  current  dis- 
tribution varies  with  frequency,  and  in  general  the  self-inductance 
will  also  vary.  By  keeping  the  two  cirouits  at  a  relatively  large 
distance  from  one  another  the  mutual  inductance  is  practically  free 
from  this  effect. 

*'  "  On  the  Cse  of  Variable  Untual  Inductances,"  A.  Ounpbell,  Proc  Pkyt. 
Soc.  Land.,  vol.  xii.  p.  69,  1906. 

■■  For  eumple  see  Bom,  BuU.  But.  Slanda.,  vol.  ii.  p.  161, 1906 ;  Mid  Strauer, 
Ann.  der  Phj/i.,  vol.  iriii.  p.  763,  1905. 
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(c)  The  efifeots  of  distributed  oapacity  are  probably  less  in  mutnal 
than  in  self-inductances.  In  all  cases  the  distributed  capacity  of  one 
of  the  two  coils  can  be  made  very  small  by  sufficiently  decreasing  the 
number  of  turns  in  it  (or  opening  them  apart)  while  increasing  the 
number  in  the  other  coil  to  keep  the  M  constant. 

When  the  mutual  inductance  is  of  the  variable  type,  it  can  always 
be  designed  so  that  its  value  can  be  varied  continuously  from  negative 
to  positive  through  zero.  This  is  a  very  great  advantage,  for  with 
variable  self-inductance  standards  the  incapability  of  reaching  a  zero 
value  is  a  distinct  drawback. 

He  has  therefore  designed  a  variable  inductance  made  as  follows ; 
the  description  being  taken,  by  permission,  verbatim  from  his  Paper 
(loc.  cit.). 

The  general  arrangement  of  the  apparatus  is  shown  diagram mati- 
cally  in  Figs.  13  and  14,  which  are  plan  and  side  view  respectively. 
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Pig.  13.  Fig.  14. 

Scheme  of  Girouits  of  Campbell  Inductomer. 


The  primary  circuit  consists  of  two  equal  coaxial  coils  G  and  C  (see 
Fig.  14),  which  are  connected  in  series,  their  windings  being  in  the  same 
direction  of  turning.  The  secondary  consists  of  the  coils  D  and  F  in 
series.  Of  these  coils,  D  is  movable,  being  mounted  on  an  eccentric 
axis  Q  so  as  to  be  free  to  turn  in  a  plane  parallel  to  those  of  G  and  C 
and  midway  between  them.  Rigidly  connected  with  the  movable  coil  is 
a  pointer,  H,  which  moves  over  a  circular  scale  of  about  180°  in  extent 
and  graduated  to  read  directly  (see  also  Fig.  19).  The  coil  F  is  sub- 
divided into  ten  sections,  which  are  in  series,  each  of  them  being  0*1 
millihenry,  and  their  junctions  are  brought  to  a  set  of  separate  terminals 
or  studs  with  a  turning  head.  The  range  of  the  moving  coil  extends 
from  —  0002  to  +  0*11  millihenry.  This  gives  a  continuous  range 
from  0  up  to  1  millihenry,  readable  near  zero  to  002  microhenry,  to  1 
part  in  500  at  0-1  millihenry,  and  to  1  in  5000  at  1  millihenry.  The 
subdivision  of  the  coil  F  is  easily  carried  out  by  the  following  artifice. 
The  coil  is  wound  with  uniformly  stranded  wire  of  ten  insulated 
strands,  all  the  strands  are  connected  in  series,  and  the  whole  adjusted 
to  give  1  millihenry.  If  the  stranding  has  been  properly  done,  it  will 
be  found  that  no  one  of  the  sections  differs  from  its  neighbours  by 
more  than  1  part  in  1000,  and  each  is  01  millihenry.  The  placing  of 
the  movable  secondary  coil  midway  between  the  planes  of  the  two 
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primary  ones  ensures  that  small  axial  displacements  shall  have  very 
little  effect  on  the  mutual  inductance. 

The  equality  of  any  pair  of  sections  can  be  tested  by  connecting 
them  in  series  with  their  windings  in  opposition  in  circuit  with  a 
ballistic  galvanometer  and  reversing  the  current  in  the  primary.  It 
should  be  noticed  here  that,  if  a  primary  coil  has  any  number  of 
secondary  circuits,  the  mutual  inductance  to  all  the  secondaries  in 
series  is  equal  to  the  algebraic  sum  of  their  separate  mutual  induct- 
ances (-f-or  —  according  to  the  direction  of  the  winding).  Owing 
to  this  very  important  property  we 
can  build  up  and  step  down  in 
the  values  as  easily  as  if  we  were 
dealing  with  resistances,  and  there 
is  the  further  simplification  that 
we  can  subtract  as  well  as  add  the 
values.  The  marking  of  the  scale 
and  the  setting  of  the  coil  F  are 
done  by  comparison  with  a  fixed 
standard  mutual  inductance  of  the 
kind  devised  by  Mr.  Gampbell.^^ 
The  comparison  may  be  made  by 
Maxwell's  method,  but  using  a 
sensitive  baUistic  galvanometer  or 

a  vibration  galvanometer  (see  Fig.  21)  as  detector.  When  a  vibration 
galvanometer  is  used  as  in  Fig.  15,  it  should  be  remembered  that,  for 
a  balance,  two  conditions  must  be  satisfied,  viz. — 

M,      K, 


R 


-ww^ 


M. 


and 


where  B^  and  B2  include  the  resistances  of  the  secondary  coils.  In 
order  that  the  second  condition  may  hold,  it  is  necessary  to  intro- 
duce into  one  of  the  secondary  branches  a  coil  a  whose  self-induct- 
ance can  be  continuously  varied ;    by  alternate  adjustments  of  :^ 

and  the  self-inductance  of  this  coil,  a  balance  is  easily  obtained. 
The  fact  that  B^  and  B2  are  partly  of  copper  coils  is  apt  to  introduce 
some  inaccuracy.     The  copper  re- 
sistance, however,  can  usually  be 
largely  swamped  without  losing  too 
much  of  the  sensitivity.  ^ 

Any  unknown  mutual  induct-  ^ 
ance,  whose  value  lies  within  the 
range  of  the  variable  standard,  can 
be  at  once  determined  by  connecting 
the  primaries  of  the  unknown  and 
the  variable  in  series  to  B  (Fig.  16),  a  source  of  alternating  or  inter- 
mittent current,  while  the  secondaries,  with  their  windings  in  opposi- 
tion, are  connected  in  series  to  a  vibration  galvanometer  G.     The 

"  Phys.  Soc,,  May,  1907 ;  PhU,  Mag,  [6],  vol.  xiv.  p.  494,  Oct.  1907.    Also  see 
Proc.  Bay.  80c,  A,,  vol.  Ixxix.  p.  428,  June  5, 1907. 


Fig.  16. 
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Fig.  17. 


variable  M  is  then  adjusted  to  bring  the  deflection  to  zero,  and  the 
reading  gives  directly  the  value  of  the  unknown  M.  This  is  an 
extremely  simple  method,  as  it  involves  no  knowledge  of  any  resist- 
ances. A  ballistic  galvanometer  and  a  commutated  current  may  be 
used.  This  method  does  not  apply  to  mutual  inductances  higher 
than  the  maximum  value  of  the  variable  standard.  The  standard  of 
mutual  inductance  can  then  be  used  to  measure  a  self-inductance  as 

follows : — 

In  Fig.  17  let  a  variable  mutual  inductance  M  whose  primary 
includes  the  subdivided  coil  be  connected  into  a  Wheatstone's  net- 
work, as  shown,  along  with 
a  self-inductance  L2*    Let 
the  resistances  of  the  arms 
be  P,  Q,  K,  and  S  respec- 
tively, the  self-inductance 
of  the  arm  P  being  L^  (the 
secondary  coils  of  M)  and 
that  of  Q  being  L2*   I^t  H 
be  a  source    of    periodic 
current,  and  G  a  vibration 
galvanometer     tuned     to 
resonance  with  it,  so  that 
we  may  take  the  wave  form 
of  the  currents  to  be  a  sine 
curve.      Let    the    instan- 
taneous potentials  of  the  three  upper  comers  be  t;^,  0,  and  v^  respec- 
tively, and  the  instantaneous  values  of  the  currents  into  the  upper 
comer  be  t^,  t^,  and » as  marked.   Let j9  =  27m,  where  n  is  the  frequency, 
and  for  convenience  of  writing  let  p's/  —  1  be  denoted  by  a,  so  that 
a*  =  — p'^.     The  mutual  inductance  M  may  be  made  positive  or 
negative  according  to  the  way  in  which  the  coils  are  connected ;  and 
in  all  that  follows  we  might  write  ±  M  f or  M  throughout.     When 
the  galvanometer  shows  a  balance,  v^  =  v^t  s>nd  the  instantaneous 
value  of  the  current  through  G  is  zero. 
Also 

Accordingly  we  may  write — 

(P  +  Lja)*!  -  Mai  =  (Q  +  L^a)^ 
therefq^ 

[P  +  (Li  +  M)a]fi  =  [9  +  (Lj  -  M)a]t2 
also  Rt'i  =  St2 

Hence 

S[P  +  (Li  +  M)a]  =  R[Q  .  (Lg  -  M)a] 
Equating  the  real  and  imaginary  parts  each  to  zero,  we  have — 

SP  =  QR (76) 

and  S(Li -f  M)  =  R(L2  —  M) (77) 

Exactly  the  same  equations  hold  when  the  positions  of  the  source 
and  the  galvanometer  are  interchanged. 
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Fio.  18. 


The  most  useful  case  is  when  the  non-inductiye  arms  are  made 
equal,  »>.  8  =  R ;  then  (76)  and  (77)  become— 

P  =Q 
and  I^  —  Li  =  2M (78) 

This  case  gives  an  extremely  convenient  way  of  measuring  small  self - 
inductances,  which  is  done  as  follows  : — 

The  arrangement  is  shown  in  Fig  18.  The  non-inductive  arms 
are  equal  (B,  B).  In  the  arm  AB  there  is  the  secondary  coil  a  of 
self-inductance  L  in  series 

with    a  practically  non-in-  A 

ductive  rheostat  r.  In  the 
arm  AC  is  placed  a  "  balanc- 
ing''  coil  b  also  of  self- 
inductance  L  and  of  resist- 
ance equal  to  or  slightly 
greater  than  that  of  b,  Bv 
adjusting  r  the  bridge  will 
balance  when  M  =  0.  The 
small  self-inductance  N  to 
be  measured  is  now  inserted 
in  series  with  coil  b  in  arm 
AG,  and  a  balance  obtained 
by  altering  r  and  M.  Then, 
by  (78),  N  =  2M.  Thus  N  is  found  directly  from  the  reading  of  M,  and 
the  range  of  values  that  can  be  measured  runs  from  0  up  to  twice  the 
highest  reading  of  the  variable  mutual  inductance.  [For  values  of  N 
alK^ve  this  range  the  more  general  case  (equations  (76)  and  (77))  may 
be  used.]  TheL's  of  the  coils  a  and  b  should  be  adjusted  to  equality 
once  for  all  by  putting  M  at  zero  and  setting  one  of  the  coils.  An 
exact  setting  is  convenient,  but  not  necessary,  for  if  L.  and  L^  differ 
slightly,  they  can  be  balanced  (without  N)  bv  a  small  reading 
Mq.  If  M  be  the  reading  for  balance  when  N  is  inserted,  then 
N  =  2(M  —  Mo).«6 

Even  if  a  and  b  are  well  matched,  it  is  always  well  to  begin  by 
reading  their  difference,  if  any. 

It  will  be  noticed  that  the  method  is  really  a  differential  one ; 
when  N  is  introduced  into  the  arm  AG  no  alteration  has  to  be  made 
in  the  other  arms  except  to  increase  the  resistance  of  AB  by  an 
amount  equal  to  the  resistance  of  the  coil  N.  But  although  it  has 
all  ths  advantages  of  differential  measurement,  the  reading  can  be  made  to 
give  N  directly  without  having  to  take  a  difference  at  all.  This  is  due 
to  the  use  of  the  inductive  balancing  coil  6. 

The  method  has  the  advantage  that  it  does  not  require  the 
knowledge  of  the  absolute  value  of  any  resistance.  The  non-inductive 
bridge  arms  must  be  equal ;  to  check  the  equaUty  they  can  be  inter- 
changed. For  the  non-inductive  adjustable  resistance  r  it  is  best  to 
employ  a  special  rheostat  consisting  of  two  slightly  flattened  thin 

'*  If  ooil  b  be  made  non-induotive  we  revert  to  Maxwell's  method  of  comparing 
the  M  of  a  pair  of  coils  with  the  L  of  one  of  them.    Equation  (77)  then  reduces  to 

^  =  -  A  +  ?^     Maxwell,  "  Elect,  and  Mag.,"  2nd.edit.  vol.  ii.  §  766. 
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wireB  runoiDg  ptvrallel  to  ooe  another  at  &  few  mUlimetres'  distance, 
\Tith  a  sliding  cootaot  piece  across  them  to  complete  the  circuit. 
The  iDdnctance  of  such  a  rheostat  can  be  approximately  calculated, 
and  may  thus  be  allowed  for  when  measuring  very  small  self- 
inductances.  The  inductaace  of  the  part  added  to  compensate 
for  the  introduction  of  N  has  merely  to  be  subtracted  from  the 
result. 

In  practice  the  method  proves  very  convenient ;  with  the  variable 
mntnal  inductance  described  above,  self-indnctancea  of  any  value 
from  0-1  microhenry  up  to  2000 
microbenrys  can  be  measured 
directly  without  the  bridge  being 
altered  in  any  way  except  in  the 
rheostat  r.  In  a  later  model  the 
whole  scale  of  the  movable  coil 
corresponds  to  20  microhenrys, 
and  at  this  value  it  can  be  r^d 
to  1  or  2  in  1000— at  200  micro- 
benrys to  1  or  2  in  10,000.  All 
the  resistances  of  the  coils  are 
very  low,  and  the  sensitivity  can 


Eitemal  appear) 
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ce  and  arrangeciont  o!  Matually  Indnctlve  CoiU  of  Campbell 
Indue  tometer  as  made  by  R.  W.  Paul. 


be  considerably  increased  by  using  M.  Wien's  method  of  connecting 
the  vibration  galvanometer  to  the  bridge  by  means  of  a  transformer  of 

suitable  ratio!  —small  ).    The  method  will  also  give  the  difference 

between  two  unknown  self-inductances  introduced  into  AB  and  AC. 

In  the  practical  instrument  (see  Fig,  19)  Mr.  CampbeU  combines 
the  ratio  arms  and  variable  mutual  inductance  connected  as  in  Fig.  20, 
which  represent  the  inetrument  in  the  form  made  by  B.  W.  Paul. 
If  an  inductance  N  is  to  be  measured  it  is  joined  into  the  bridge  as 
shown  in  Fig.   20.    The  bridge  must  be  supplied  with  alternating 
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currente  from  aome  alternator  or  vibrator  giving  a  pure  sine  ourve 
wave  form  and  the  galvanometer  most  be  a  vibration  galvanometer. 
This  last  instrument  consists  in  one  form  of  a  coil  through  which  the 
alternating  current  passes.     In  front  of  this  coil  is  a  email  needle  of 
soft  iron  whioh  is  attached  to  the  centre  of  a  stretched  wire.     The 
soft  iron  needle  is  directed  by  a  magnetic  field  which  can  be  varied  in 
strength  so  as  to  give  the  soft  iron  needle  a  variable  frequency  of 
vibration.     If  this  rate  of  vibration  is  adjusted  to  be  the  same  as  that 
of  the  alternating  current,  then  when  even  a  feeble  alternating  current 
passes  through  the  coil  it  will  set  the  needle  in  vibration.     The  needle 
carries  a  mirror,  and  a  ray  of 
light  thrown  on  it  is  reQected 
to  a  screen  where  it  is  drawn 
out  into  a  band  of  light  when 
the  needle  vibrates.     Hence  if 
the  spot  of  Ught  is  not  drawn 
out  this  indicates  the  absence 
of  an  alternating  current  in  the 
coil.     The    vibration    galvano- 
meter serves,   therefore,  as   a 
means  of  indicating  the  fulfil- 
ment of  any  conditions  in  an 
arrangement  of  apparatus  used 
with  alternating  currents  which 
produces  zero  currents    in    a 
certain  branch.     A  somewhat 
different     form    of     vibration 
galvanometer,  in  whioh  the  coil 
itself  vibrates,    has  been    de- 
signed by  A.  Campbell  and  is 
made  by  B.  W.  Paul,  is  illus- 
trated in  Fig.  21.   The  following 
deacription  of  it  is  given  by 
Paul:— 

A  small  moving  coil  is  sup- 
ported in  the  narrow  air-gap 
of  a  peimanent  magnet  by  an 
upper  and  lower  suspension  of 
phosphor  bronze  strip.  A  ten- 
sion can  be  applied  to  the 
upper  snapension  through  a  spring,  by  rotating  a  milled  bead.  The 
effective  length  of  the  upper  suspension  can  also  be  varied  by  raising 
or  lowering  a  bridge~piece,  which  engEiges  with  the  suspension.  This 
adjustment  is  effected  by  rotating  a  Knurled  bead,  which  is  attached 
to  a  coarse  threaded  screw. 

To  tune  the  instrument,  a  small  alternating  current  is  sent  through 
the  moving  coil  from  the  source  of  supply.  This  current  may  have  a 
value  of  about  20  microamperes.  The  bridge-piece  is  th-m  traversed 
until  the  galvanometer  spot  widens  out  into  a  long  band,  and  the  tension- 
ing head  is  adjusted  until  the  band  attains  its  maximum  vridtb.  The 
galvanometer  is  thus  brought  into  mechanioal  resonance  with  the 
supply  frequency,  and,  when  in  this  condition,  is  very  insensitive  to 
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harmonics.  This  fact  simplifies  considerably  the  theory  of  the  A.G. 
bridge. 

The  coil  is  fitted  with  a  plane  mirror,  and  a  convex  lens  is  fixed  in 
the  cover.  The  instrument  covers  a  frequency  range  from  about  70 
to  400 ;  it  can  also  be  tuned  for  lower  frequencies  by  attaching  one  of 
the  small  weights  provided  to  the  moving  coil.  With  the  smaller  of 
these  in  position,  the  frequency  can  be  reduced  to  50  or  less ;  the 
larger  is  used  to  reduce  the  frequency  to  between  30  and  10  per  second. 
A  sensitivity  of  about  34  mm.  per  microampere,  with  a  scale  distance 
of  1  metre,  is  obtained  when  the  instrument  is  tuned  to  a  frequency 
of  100.  At  higher  frequencies  the  sensitivity  is  proportionately 
reduced. 

For  the  measurement  of  small  inductances  such  as  are  used  in 
radiotelegraphic  work,  a  very  useful  outfit  comprises  a  small  alter- 
nator giving  alternating  currents  of  simple  sine  wave  form  and 
variable  frequency,  and  a  vibration  galvanometer  and  standard  of 
mutual  inductance  as  above  described. 

The  process  of  determining  the  inductance  of  a  coil  N  (see  Fig.  20) 
is  then  as  follows  : — 

Balancing  coils  having  self-inductances  ^  and  ^  of  that  of  the 
primary  are  required.  They  are  connected  up  as  shown  in  Fig.  20, 
where  L^  represents  one  of  the  balancing  coils,  r  a  non-inductive 
rheostat,  E,  S,  the  ratio  coils,  W  a  small  resistance  coil  of  any  type, 
and  N  the  inductance  under  test. 

T 

To  obtain  the  multiplying  ratio  of  10,  the  balancing  coil  ^  should 

be  used,  and  the  ratio  ^  should  be  equal  to  9.     To  obtain  the  multi- 

plying  power  of  100,  the  balancing  coil  ^  is  used,  and  the  ratio  q- 

b 

should  then  be  99.     With  the  latter  arrangements,  measurements  up 

to  100  miUihenrys  can  be  made. 

Balance,  with  the  leads  to  N  short-circuited  at  their  outer  end. 
The  resistance  W  should  then  be  set  so  that  the  initial  reading  of  r  is 
well  in  excess  of  the  probable  resistance  of  N.  Note  the  readings  Mq 
and  fo  of  the  inductometer  and  rheostat  respectively. 

Introduce  N  into  the  circuit,  and  balance  afresh  by  adjusting  M 
and  r.     Gall  the  new  readings  M^  ^^^  ^i- 

Then  the  self-inductance  of  N     =     -  ^^     (M^— Mq) 

• 

Effective  resistance  of  N  =    r  — r^ 

6.  Eleotrioal  Properties  of  Dieleotrios.  Dieleotrio  Strength.— 

We  have  next  to  consider  the  special  properties  of  dielectrics,  espe- 
cially those  which  are  important  in  connection  with  high  frequency 
phenomena. 

When  a  dielectric  or  insulator  is  subjected  to  electric  force,  it  has 
produced  in  it  electric  strain  or  electric  displacement,  just  as  a  ferro- 
magnetic body,  when  submitted  to  magnetic  force,  has  the  state 
called  magnetization  produced  in  it.  There  is,  however,  a  great 
physical  difference  between  the  two  phenomena.     If  the  electric 
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force  rises  beyond  a  certain  limit,  the  dielectric  is  mechanicaUy 
raptured  or  destroyed  at  some  place,  and  this  is  accompanied  by  a 
transformation  of  some,  at  least,  of  the  potential  energy  of  the  elec^c 
strain  into  heat  and  light  or  mechanical  motion.  In  the  case  of 
liquids  and  gases,  the  wound  so  created  is  self-healing,  and  the 
dielectric  restores  itself  at  that  point  to  the  original  state  as  soon 
as  the  electric  force  is  diminished.  In  solids  tbus,  however,  is  not 
done,  so  that  the  result  of  the  operation  is  to  leave  a  puncture  or 
hole.  The  electric  force  corresponding  to  which  this  rupture  or 
puncture  takes  place  is  called  the  dielectric  strength  of  the  insulator, 
and  is  measmred  in  absolute  units  of  electric  force,  or  in  its  equivalent 
in  volts  or  kilovolts  per  centimetre.  ,  It  is  convenient  sometimes  to 
state  it  in  volts  per  mUlimetref  since  the  thickness  of  layers  of  dielectric 
used  is  generally  expressed  in  millimetres.  Since  one  electrostatic 
imit  of  potential  in  G.G.S.  measure  is  equal  to  300  volts,  we  convert 
kilovolts  per  centimetre  into  its  equivalent  electric  force  expressed  in 
electrostatic  units  by  multiplying  by  3*333. 

This  dielectric  strength  depends  upon  (1)  the  thickness  of  the 
dielectric,  thin  layers  being  apparently  stronger  than  thick;  (2)  it 
varies  with  the  form  of  the  conducting  surfaces  opposed,  and  (3)  with 
the  manner  in  which  the  electric  force  is  applied,  that  is,  whether 
gradually,  suddenly,  steadily,  or  periodically  varying. 

According  to  the  investigations  of    G.   Baur,  every  dielectric, 

whatever  its  thickness,  requires  a  certain  voltage  to  puncture  it, 

a 

which  is  proportional  to  t^^  where  t  is  the  thickness. 

Hence,  if  Y  is  the  puncture  voltage 


where  G  is  some  constant.^^' 

The  above  formula  may  be  put  in  the  form — 

~t"^Vt 

/V\ 
Hence  the  dielectric  strength  /  yj  should  vary  inversely  as  the 

cube  root  of  the  thickness.  Therefore,  according  to  this  formula,  to 
puncture  a  sheet  of  dielectric  9  mm.  thick  would  require  only  half 
the  voltage  per  millimetre  that  is  necessary  to  puncture  a  sheet  of 
the  same  dielectric  1  mm.  thick.  In  other  words,  a  thin  sheet  of 
any  dielectric  is  relatively  stronger  than  a  thick  one  of  the  same 
material. 

This  rule,  however,  must  be  accepted  with  great  limitations.  The 
puncture  voltage  is  very  largely  determined  by  the  state  of  the  surface 
of  the  dielectric.  Nevertheless,  the  above  statement  holds  good 
approximately  for  a  large  number  of  solid  and  liquid,  and  gaseous 
dielectrics. 

A  very  extensive  set  of  experiments  on  dielectric  strength  has 
been  described  by  Mr.  T.  Gray.^?    He  used  alternating  electromotive 

«•  See  The  ElectricicM,  1901,  vol.  47,  p.  758;   or  Science  Abstracts,  vol.  iv. 
p.  10S4. 

*'  See  PhysiccU  Bevtew,  vol.  vil.  p.  199. 
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'  forces  of  simple  sinoidal  form,  and  a  frequency  of  133  periods  per 
second.  The  discharges  were  taken  between  the  curved  surfaces  of 
two  polished  discs  of  copper,  which  were  portions  of  spheres  70  cms. 
in  diameter,  all  edges  being  rounded.  He  tested  the  dielectric 
strength  of  air^  various  oils,  and  solid  dielectrics,  and  states  the 
results  in  kilovoUs  per  centimetre. 

His  experiments  support  the  experience  that,  generally  speaking, 
the  apparent  dielectric  strength  of  a  thin  layer  of  a  dielectric  is  greater 
than  that  of  a  thicker  one. 

Gray  found  that  rupture  voltage  of  a  sheet  of  dielectric  under  an 
alternating  electromotive  force  of  simple  sine  form  is  identical  with 
that  due  to  a  steady  electromotive  force  having  the  same  value  as 
the  maximum  of  the  alternating  force.  Hence,  in  stating  the 
dielectric  strength  in  kilovolts  per  centimetre,  the  values  given  below 
are  those  corresponding  to  ^e  maximum  value  of  the  alternating 
electromotive  force  employed,  this  maximum  being  calculated  from 
the  root-mean-square  (B.M.S.)  value  observed  on  the  voltmeter  at  the 
moment  of  rupture. 

In  the  case  of  the  alternating  electromotive  force  used  by  him,  this 
maximum  value  was  equal  to  the  B.M.S.  value  multiplied  by  1*312. 
His  results  for  air  confirm  those  of  previous  observers.  Lord  Kelvin 
established  long  ago  the  fact  that  the  electric  force  required  to  pro- 
duce a  very  short  spark  in  air  between  slightly  rounded  metallic 
surfaces  was  greater  than  that  required  to  produce  a  longer  one.'^ 
Mr.  Gray's  results  for  the  dielectric  strength  of  air  are  as  follows : — 

Air  at  Normal  Pressure  and  Temperature. 

ThiokD«n  of  layer  Dielectric  strength  in 

of  air  In  centimetres  kilovolts  per  centimetre. 

002 57-5 

0-04 62-5 

0*06 49-6 

COS 46-2 

010 48-6 

0-20 37-8 

0-40 34-6 

0-60 32-7 

0-80 31-1 

1-0 29-8 

1-20 28-8 

1-40 28-8 

1-60  • 27-4 

Hence  to  produce  a  spark  1  cm.  in  length  in  air  requires  about 
30,000  volts. 

The  apparent  dielectric  strength  of  air  decreases,  therefore,  slightly 
with  increasing  thickness,  and,  according  to  Mr.  Grayi  ultimately  it 
reaches  some  value  not  far  from  24  kilovolts  per  centimetre,  or  80 
G.G.S.  units  of  electric  force  in  electrostatic  measure.  On  this 
matter,  however,  the  reader  is  referred  to  some  remarks  on  a  later 
page  (p.  189)  concerning  the  true  dielectric  strength  of  air. 

'"  See  Lord  Kelvin,  *'  Reprint  of  Papers  on  Electrostatics  and  Magnetism," 
p.  268,  or  Proc.  Boy,  Soc.y  vol.  x.  p.  826,  February  28,  April  12,  1860,  "  Measure- 
ment of  the  electromotive  force  required  to  produce  a  spark  in  air  between  parallel 
metal  plates  at  different  distances." 
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Similar  refsults  were  obtained  by  Gray  in  the  ease  of  glass. 
Employing  a  variety  of  glass  called  crystal  glass,  used  for  lantern 
slides,  he  found  the  dielectric  strength  for  various  thicknesses  to  be 
as  follows : — 

Crystal  Glass, 

Dieleciric  strength  in 
TbickiMtB  in  ceotlmeires.  IciloTolts  per  centimetre. 

01 286 

0-2 253 

0-3 224 

0-4 200 

0-5 183 

0-6 168 

For  window  glass  0*2  cm.  thick,  he  found  the  dielectric  strength 
to  be  160  kilovolts  per  centimetre. 

He  also  made  tests  with  sheet  ebonite,  indiarubber,  mica,  and 
micanite,  with  results  as  follows : — 

Ebonite, 

Dielectric  strength  in 
ThickneM  in  centimetres.  kilovolts  per  centimetre. 

0093 538 

0-186 434 

Indiaruhher  Sheets. 

0135 •   ...     476 

0*270 818 

Mica, 

Dielectric  strength  in> 
Thickness  in  centimetres.  klloTolts  par  centimetre. 

OOOl 2000 

0-010 1160 

0-02 960 

005 760 

0-10 610 

Micanite, 
^"^X  400 

0-10/ *^ 

Paper  of  various  kinds  impregnated  with  paraffin  wax  possessed 
dielectric  strengths  as  follows : — 


MsterUl. 


Thin  printers*  paper   . 
Tiftsne  paper     .     .     . 
Manilla  paper  .     .     . 
American  linen  paper 
Typewriter  linen  paper 


ThickneM  in  centtmetres.  \      Welortric  strength  in 
X  uHAinsB  ui  w»Hui«u««.       kilovolts  per  centimetre. 


0-012 
0009 
0018 
0O13 
0-014 


400 
610 
430 
640 
640 


Fuller  board,  a  kind  of  vulcanized  fibre,  showed  a  dielectric 
strength  of  205, 192,  and  169  kUovolts  per  centimetre  of  thickness  of 
006,  01,  and  0-2  cm. 

Oils  of  various  kinds  were  tested  in  layers  having  thickness  from 
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4  to  8  mm.,  and  the  following  values  for  the  dielectric  strength  were 
found,  though  somewhat  variable : — 

Oils, 

Dielectric  strenKth  In 
kllovolts  per  oentuneire. 

Light  mineral  lubricating  oil 48 

Sperm  oil 52 

Vaseline  oil    .     .     .  .  60 

Cotton-seed  oil 67 

Olive  oil 70 

Linseed  (raw)  oil 88 

„      (boiled)  oil 85 

Other  observations  by  the  same  author  seemed  to  show  a  decrease 
in  dielectric  strength  with  thickness  in  the  case  of  oils.  Thus,  for 
instance,  he  found  for  vaseline  oil  the  following  values  of  the  dielectric 
strength  : — 

Vaseline  Oil 


TbkkBen. 
8  mm. 
1 


I) 


Dielectric  strength  in 
kilovolto  per  oennmetre. 

.      .       91 
.      .     181 


Paraffin  Oil, 
Sp.  gr.  0*28.    Varied  between  64  and  101  kilovolts  per  centimetre. 

Experiments  by  other  observers  substantially  confirm  the  above 
results.  T.  W.  Edmondson  has  measured  the  dielectric  strength  of 
air,  and  finds  that  his  observations  agree  fairly  well  with  the  formula — 

where  t  is  the  spark  length  or  thickness  in  millimetres  of  the  layer 
of  air  ruptured,  and  Y  is  the  spark  potential  in  (G.G.S.)  electrostatic 
units,  whilst  a  and  b  are  constants  varying  with  the  diameter  of  the 
spark  balls  as  follows  29 : — 


Diameter  of  spark  balls. 


0'5  cm. 
10 
2-0 
80 


n 
It 
»l 


28518 

18685 

144*41 

49-41 


82*25 

99-42 

114-49 

144-71 


If  we  reckon  the  spark  length  in  centimetres  and  spark  potential 
in  kilovolts,  Edmondson's  formula  reduces  to  the  following  form :— r 

Apparent  dielectric  strength  of  air  in  kilovolts  per  centimetre  =/v/  h  +  ;|^ 

where  t  is   the  thickness  in   centimetres.     This  gives   a  dielectric 

kv 
strength  of  33  — ~  for  1  cm.  thick,  which  agrees  fairly  well  with 

observations  by  Baur,  Gray,  and  others,  and  it  shows  that  the  apparent 
dielectric  strength  decreases  with  increasing  thickness,  and  finally 

*•  See  Physical  Review,  1898,  vol.  vi.  p.  66. 
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reaches  a  limit  S^b.  The  formula,  however,  must  not  be  extrapolated 
beyond  the  limits  of  observations. 

Edmondson  also  gives  a  series  of  useful  curves  for  the  dielectric 
strength  of  various  oils,  all  of  which  show  a  slight  increase  of 
dielectric  strength  with  decrease  of  thickness  of  film  punctured. 

When  using  as  discharge  surfaces  brass  balls  2*6  cms.  in  diameter 
and  within  the  limits  2  to  10  mm.  for  sparking  distance,  a  simple 
linear  formula  for  the  spark  potential  can  be  conveniently  employed, 
viz. — 

V  =  lOa  +  7-07 

where  Y  is*  the  spark  potential  in  electrostatic  (G.G.S.)  units  and  t 
is  the  spark  length  in  millimetres  in  air  at  normal  pressure  and 
temperature.^    This  is  transformed  into  measurement  in  volts  by 
multiplication  by  300. 
Hence — 


Spark  voUage  in  air  at  normal  pressure  =  2121  +  (8060  X  spark  length  in 

millimetres) 

or    Apparent  dielectric  strength  of)  -_  gQ-s  -J ^- 

air  in  kHovolts  per  centimetre}  spark  length  in  millimetres 

M.  O'Gorman  has  given  values  for  the  dielectric  strength  of  certain 
insulating  materials  used  in  cable  manufacture  as  follows  ^^ : — 

Dielectric  elrenfth  in 
Material.  Ulovolts  per  oentimeire. 

Guttapercha  .     .     .* 109 

Paraffin  wax  (solid) 180  to  270 

„  (melted) 56 

Vaseline 91 

Resin  oU 279  to  1360 

There  are  so  many  circumstances  which  cause  variation  in  the 
dielectric  strength  of  insulators  that  the  figures  given  by  different 
observers  are  not  in  very  close  agreement.  G.  Baur  has  given  the 
results  of  some  measurements  on  various  dielectrics  as  follows  ^ : — 

Dielectric  strength  in 
DIeleotric.  kilovolte  per  oeDtlmetre. 

Dry  air 88 

Vuloanized  indiarubber 100 

Mica 580 

Empire  oloth 125  |  These  are  various  fibrous 

FoUer  board 190  >       materials  impregnated 

Impregnated  jate 220 )       with  oils  or  resins. 

The  practical  conclusion  to  be  drawn  from  the  above-described 
experiments  is  that  in  air  at  ordinary  pressure  and  temperature,  and 
for  metaUic  spark  balls  a  few  centimetres  in  diameter,  electric  sparks 
pass  and  rupture  the  air  when  the  electric  force  in  the  gap  between 
the  balls  varies  from  i500  to  3000  volts  per  millimetre  of  spark 

'^  The  above  formula  embodies  results  obtained  in  the  physical  laboratory  of 
Uniyersity  Ck)Uege,  London. 

*^  See  Journal  of  the  Institution  of  Electrical  Engineers,  vol.  80,  p.  680, 
Appendix  Vm  ,  O'Gorman,  "  Insulation  on  Gables." 

'*  See  The  Electrician^  1901,  vol.  47,  p.  758,  or  Science  Abstracts,  vol.  Iv.  p.  1067. 
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length,  as  the  spark  length  increases  from  1  mm.  in  length  and 
upwards. 

To  create  a  spark  in  air  of  1  cm.  in  length  between  such  surfaces 
requires  a  steady  voltage  of  about  30,000  volts,  or  an  alternating 
voltcbge  of  sinoidal  form  having  an  effective  or  B.M.S.  value  of  nearly 
21,000  volts,  and  at  the  same  rate  for  greater  spark  lengths. 

The  whole  subject  of  the  dielectric  strength  of  air  has  been  care- 
fully rediscussed  by  Dr.  A.  Eussell  (see  Proc.  Phys,  Soe,  Land., 
November,  1905)  in  a  valuable  paper.  He  points  out  that  the  results 
of  various  observations  with  different-sized  discharge  balls  differ  con- 
siderably. It  is  a  well-known  fact,  as  first  shown  by  C.  F.  Varley  in 
1871  {Proc,  Roy,  Soc,  January  12,  1871),  that  there  is  a  minimum 
sparking  potential  in  air  and  other  gases  below  which  it  is  impossible 
to  obtain  a  discharge.  For  air  at  normal  pressure  and  temperature 
this  is  not  far  from  790  volts  (see  the  Hon.  R.  J.  Stnitt,  "  On  the 
Least  Potential  Difference  reqmred  to  produce  Discharge  through 
Various  Gases,"  PhiL  Trans,  Roy,  Soc.  Lond.,  1899-1900,  vol.  193a,  p. 
377).  Hence,  if  there  is  a  potential  difference,  V  kilovolts,  between 
two  metal  balls,  we  may  say  that  the  effective  potential  difference  is 
in  fact  (V  —  0*79)  kilovolts.     Kirchhoff  published,  in  1860,  a  valuable 

paper  in  GrelWs  Journal,  entitled,  "  Uber  die  Vertheilung  der  Elek- 

tricitat  auf  Zwei  leitenden  Kugeln,"  in  which  he  shows  how  to  express 

the  maximum  electric  force  in  the  form  of  an  infinite  series.     Dr. 

Bussell  has  provided  a  simple  proof  of  Eirchhoff's  formula  by  the 

method  of  electric  images. 

When  the  discharge  balls  sire  of  equal  size  and  at  equal  and 

V  V 

opposite  potentials,  +  ^  and  — ^,  the  shortest  distance  between  them 

being  x.  Dr.  Eussell  shows  that  the  maximum  electric  force  is  ex- 

V/ 
pressed  by  --,  where  V  is  the  potential  difference  of  the  balls,  and /is 

X 

a  function  of  their  diameter  2^  and  distance  x.    He  gives  the  follow- 

X 

ing  values  of /for  various  values  of  -  : — 


— -    —          _                     —    _ 

_ 

X 

a 

/ 

00 

1-000 

01 

1-034 

0-2 

1-068 

0-3 

1103 

0-4 

1-138 

0-5 

1-174 

0-6 

1-209 

0-7 

1-246 

0-8 

1-283 

0-9 

1-821 

10 

1-359 

X 

a 


f 


1-6 

1-569 

20 

1-770 

80 

2-215 

4-0 

2-678 

6-0 

3-161 

6-0 

8-681 

7-0 

4*117 

80 

4-601 

90 

5-096 

100 

5-586 

1000 

50-51 

1000-0 

600-60 

If,  then,  Y  is  measured  in  kilovolts,  the  true  dielectric  strength  of 
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air  is  given  by  the  maximum  value  of  the  electric  force,  viz.  Bm>^ ;  and 

^__vL=m)^ p,, 

The  fraction  0*79  is  the  value  in  kilovolts  of  the  potential  difference, 
which  must  be  exceeded  before  any  spark  begins,  and  the  quantity 
/  in  the  above  expression  (tabulated  above)  is  a  factor  by  which  the 
average  effective  kilovolts  per  centimetre  must  be  multiplied  to  give 
the  maximum  electric  force.  From  a  discussion  of  various  results  by 
different  experimentaUsts,  Dr.  Bussell  shows  that  for  air  at  normal 
pressure  and  temperature  the  trne  dielectric  strength  lies  between  38  and 
39  kilovolts  per  centimetre,  or  in  electrostatic  units  to  a  force  of  127. 
The  true  dielectric  strength  of  air  is  therefore  expressed  by  a  number 
about  one  third  larger  than  the  average  kilovolts  per  centimetre  for 
sparks  1  cm.  in  length  taken  between  balls  1  or  2  cms.  in  diameter. 

In  the  construction  of  high-tension  condensers  a  liberal  margin 
should  be  allowed  as  a  factor  ^  safety ^  and  the  working  pressure  should 
not  be  more  than  a  quarter  of  the  rupture  voltage. 

Thus,  in  the  case  of  glass,  Gray*s  experiments  show  that  for  a 
thickness  of  2  to  3  mm.  the  dielectric  strength  is  from  253  to  224 
kilovolts  per  centimetre.  This  means  that  a  voltage  of  62,000  volts 
will  pierce  a  plate  of  glass  2  mm.  thick.  If  we  construct  a  condenser 
of  glass  plates  0*1  inch  or  2*5  mm.  thick,  the  safe  working  voltage 
would  be  about  one-third  of  the  above  breaking  voltage,  viz.  20,000 
volts,  equivalent  to  a  6  or  7  mm  spark  in  air. 

The  above  is  in  accordance  with  practical  experience.  Ebonite 
and  mica  or  micanite  have  undoubtedly  greater  dielectric  strength 
than  glass.  Ebonite  i^  about  twice,  and  mica  is  about  three  times, 
as  strong;  whilst  micanite,  which  consists  of  plates  of  mica  stuck 
together  with  shellac,  has  a  still  greater  dielectric  strength. 

Many  circumstances,  however,  contribute  to  affect  the  dielectric 
strength.  J.  Eiessling  and  B.  Walter  have  called  attention  to  the 
fact  that  if  a  tube  of  dielectric  is  partly  immersed  in  oil  and  electric 
stress  applied  to  the  material  it  punctures  at  the  surface  of  the  oil.^ 
In  the  same  way,  if  a  drop  of  melted  paraffin  wax  is  placed  on  a  sheet 
of  glass,  and  this  is  afterwards  submitted  to  electric  strain  between 
electrodes  the  puncture  takes  place  at  the  edges  of  the  wax.  If, 
however,  a  needle  prick  is  made  in  the  wax,  puncture  will  more 
readily  occur  through  this  hole.  Plates  of  ebonite  coated  with  tinfoil 
on  both  sides  and  placed  in  oil  for  use  as  high-tension  condensers 
are  generally  found  to  puncture  near  the  edges  of  the  tinfoil  if  an 
excessive  voltage  is  used.  The  electric  force  has  the  highest  value 
at  the  edges  of  the  metal  plates,  and  the  puncturing  is  determined, 
not  by  the  mean  but  by  the  maximum  electric  force  acting  on .  the 
dielectric. 

Thus  a  sheet  of  ebonite  4*2  mm.  thick  withstood  a  voltage  equaJi 
to  a  50-cia.  spark  in  air.  This  is  equivalent  to  a  dielectric  strength  of 
3000  kilovolts  per  centimetre.  If,  however,  a  drop  of  wax  was  placed 
on  the  surface,  the  ebonite  gave  way  under  a  stress  of  about  half  the 

**  Ann.  der  Phytik,  June  4,  1903,   vol.  11,  p.   670,   or   Science   Abstracts, 
voL  vii.  A.,  p.  606. 
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above  value.  If  a  needle  hole  was  made  in  the  wax  the  ebonite  was 
pierced  at  that  spot  by  a  force  of  600  kilovolts  per  centimetre. 

Hence  the  authors  conclude  that  any  scratches  or  flaws  on  the 
surface  of  a  sheet  of  dielectric  greatly  reduce  its  strength.  They  state 
that  bubbles  in  glass,  as  long  as  they  do  not  open  upon  the  surface,  do 
not  bestow  particular  weakness  at  that  point.  These  experiments 
show  that  in  the  case  of  sheets  of  dielectric  to  be  used  for  making 
high-tension  condensers  it  is  important  to  avoid  the  slightest  pricking 
or  cracking  of  the  surface. 

In  the  case  of  gases,  pressure  exercises  a  most  marked  effect  on 
their  dielectric  strength. 

Wolf  has  given  a  formula  for  the  electric  force  in  electrostatic 
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units  required  to  create  a  discharge  in  air  under  a  pressure  of  P 
atmospheres  between  metal  balls  10  cms.  in  diameter. ^^  If  E  is  this 
electric  force,  then — 

E  =  107P  +  39 (80) 

Thus  if  P  =  1,  then  E  =  146  E.S.  units,  or  146  X  300  =  43,800  volts 
per  centimetre.  Accordingly  the  dielectric  strength  at  normal  pressure, 
according  to  Wolf,  is  43*8  kilovolts  per  centimetre,  which  is  higher 
than  the  value  obtained  by  other  observers. 

Formula  (80)  is  said  to  hold  good  up  to  5  atmospheres.  Hence,  if 
P  =  5,  then  E  =  574,  and  this  corresponds  to  a  dielectric  strength  of 
172-2  kilovolts  per  centimetre.    The  dielectric  strength  is  thus  nearly 

»*  Wied,  Ann,,  37, 1889,  p.  306. 
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proportdonal  to  the  pressure,  and  the  potential  difference  required  to 
produce  a  spark  between  rounded  metallic  surfaces  varies  almost  as 
the  distance  between  them  and  as  the  pressure,  i,e.  upon  the  mass  of 
gas  lying  between  the  electrodes. 

In  forming  oscillating  circuits  by  joining  in  series  a  spark  gap, 
condenser,  and  inductance,  it  is  always  prudent  to  consider  what 
spark  length  is  permissible,  having  regard  to  the  thickness  and  nature 
of  the  dielectric  used.  Few  glass  Leyden  jars  will  bear  more  than 
20,000  volts  without  risk  of  puncture.  Hence  this  corresponds  to  a 
spark  length  of  7  or  8  mm.  in  air.  If,  then,  glass-plate  condensers  or 
Leyden  jars  are  used  and  larger  spark  gaps  are  required,  the  jars 
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must  be  placed  in  series  in  sufficient  number  to  bear  the  strain. 
Thus,  if  the  capacity  of  a  single  jar  is  required,  but  a  spark  length 
of  1*5  cm.,  four  jars  should  be  arranged,  two  in  parallel  and  two  in 
series,  and  so  on. 

A  very  useful  series  of  experiments  has  been  carried  out  by  Mr. 
E.  A.  Watson  on  the  dielectric  strength  of  compressed  air.^s  He 
employed  spark  balls  of  various  sizes  and  various  spark  lengths,  and 
measured  the  spark  voltages  in  dry  air  of  various  pressures  with 
alternating  and  also  with  direct  currents.     The  two  curves  in  Fig.  22 

**  Journal  of  the  Institution  of  Electrical  Engineers,  vol.  43,  p.  113, 1909. 
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show  the  variation  of  spark  voltage  (alternating)  with  spark  length 
for  spark  balls  2-64  cms.  (=  1  inch)  in  diameter  in  air  under  1*01 
atmosphere  or  normal  pressure,  and  air  at  2*7  atmospheres  pressure. 
It  will  be  seen  that  the  spark  voltage  is  more  than  doubled. 

In  Fig.  23  are  shown  curves  for  the  same  sized  balls  taken  with 
alternating  voltages  and  for  pressures  from  3*25  to  7*36  atmo- 
spheres. 

The  lines  in  Fig.  24  show  the  spark  voltages  for  various  spark 
lengths  with  the  same  sized  balls  but  with  direct  current. 

His  results  show  that  the  dielectric  strength  in  kilovolts  per  cm. 
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varies  almost  proportionally  to  the  pressure,  and  more  precisely  may 
be  expressed  by  the  formula — 

Dielectric  strength  =  20  -j-  26*6  times  pressure  in  atmospheres  (81) 

•  Thus  for  10  atmospheres  it  is  276. 
The  dielectric  strength  of  various  oils  is  an  important  practical 
matter.  In  investigations  on  high  frequency  currents  the  type  of 
condenser  most  convenient  for  the  purpose  consists  of  metal  plates 
placed  in  oil,  the  oil  forming  the  dielectric,  and  in  practical  radio- 
telegraphy  when  the  dielectric  used  is  glass,  the  glass  plates  having 
metal  plates  applied  to  both  surfaces,  the  whole  arrangement  has  to 
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be  immersed  in  oil  to  prevent  glow  discharges,  or  sparking  over  the 
glass  margin. 

Since  oils  differ  very  much  in  dielectric  strength,  and  as  this 
quality  is  greatly  dependent  on  temperature,  and  on  the  presence 
of  moisture  in  the  oil,  oils  to  be  used  for  this  purpose  should  be 
carefully  tested  for  dielectric  strength.  This  is  done  in  the  following 
manner.  The  oil  to  be  tested  should  be  warmed  up  to  70^  Eahr.,  and 
placed  in  a  perfectly  dry  glass  beaker.  A  bar  of  ebonite  which  can 
rest  across  the  vessel  carries  two  rods  to  which  metal  balls  1  centi- 
metre in  diameter  are  attached,  these  balls  ^eing  so  set  that  their 
nearest  surfaces  are  2  mm.  from  each  other.  The  balls  must  be  well 
below  the  surface  of  the  oil.  The  balls  are  then  connected  to  a  high- 
tension  electrostatic  voltmeter  suitable  for  measuring  voltages  up  to 
30,000  or  40,000  volts,  and  are  also  connected  to  the  secondary 
terminals  of  a  transformer  which  can  give  these  voltages  when  fed 
with  alternating  current  of  simple  sine  form  on  its  primary  side. 
The  secondary  voltage  is  best  regulated  by  inserting  a  variable 
rheostat  or  choker  in  the  primary  circuit.  The  voltage  is  then  slowly 
raised  until  a  spark  passes  through  the  oil,  when  the  voltmeter  must 
.be  read  It  is  not  well  to  employ  points  as  spark  surfaces,  because 
the  breakdown  voltage  is  greatly  affected  by  the  sharpness  of  these 
points,  and  it  is  not  easy  to  define  this  sharpness  so  as  to  make  the 
conditions  of  the  experiment  definite.  On  the  other  hand,  with  small . 
spheres  as  spark  surfaces  the  electric  field  is  definite  and  predeter- 
minable  in  all  cases. 

7.  The  Praotloal  Measurement  of  the  Capaoity  of  Condnotops. 

— If  there  be  any  two  conductors,  and  these  are  respectively  charged 
with  equal  quantities  of  electricity  of  opposite  sign,  and  if  a  difference 
of  potential  having  a  value  of  one  unit  is  created  between  them,  then 
the  quantity  of  electricity  or  the  charge  on  either  of  the  conductors  is 
a  measure  of  their  capacity  with  respect  to  each  other.  If  any  body 
is  charged  to  unit  potential  with  respect  to  the  earth,  and  all  other 
conductors  are  removed  to  a  very  great  distance,  the  charge  on  the 
conductor  in  question  is  a  measure  of  its  capacity  with  respect  to  Vie 
earth.  The  quantity  of  electricity  which  will  raise  the  body  to  unit 
potential  above  the  earth  depends  on  its  form  and  position  and  upon 
a  qualitv  of  the  surrounding  insulator  called  its  dielectric  constant.  We 
may  define  the  dielectric  constant  as  follows : — 

If  electric  force  acts  upon  a  dielectric  it  produces  in  it  electric 
displacement.  If  a  uniform  electric  force  acts  upon  a  dielectric  and 
produces  in  it  uniform  electric  strain  or  displacement,  the  numerical 
ratio  of  the  displacement  through  unit  area  to  the  force,  or  of  the 
electric  strain  to  the  electric  stress,  is  called  the  dielectric  constant  of 
this  insulator.  The  name  is  not  well  chosen,  because  the  so-called 
constant  is  far  from  being  constant,  but  varies  with  temperature, 
voltage,  and  frequency,  and  it  would  be  better  to  coin  another  name.^ 
The  Guelectric  constant  bears  the  same  relation  to  electric  strain  and 
stress  or  electric  force  and  displacement  that  magnetic  susceptibility 

'*  The  tenn  permittance  has  been  employed  by  Mr.  Oliyer  Heavlside  to  signify 
that  which  is  generally  called  capacity,  and  the  word  permittivity  to  denote  the 
same  quality  which  the  terms  dielectric  constant,  or  specific  indactive  capacity, 
are  generally  used  to  express. 
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bears  to  magnetic  force  and  magnetization.  The  dielectric  constant 
may  otherwise  be  defined  as  the  number  which  expresses  the  ratio  in 
which  the  capacity  of  any  air  condenser  is  increased  if  the  air  is 
wholly  replaced  by  the  dielectric  in  question. 

If  G  is  the  capacity  of  any  air  condenser  when  its  plates  are 
charged  to  a  potential  difference,  V,  then  if  Q  represents  the  quantity 
of  electricity  stored  in  the  condenser,  we  have— 

=  CV 


Q 
Hence  0  =^,  and  we  may  define  the  capacity  of  a  conductor  as 

the  ratio  of  its  charge  to  its  potential.  If  the  air  is  wholly  replaced 
by  some  other  insulator  and  the  capacity  becomes  K  times  0,  or  KG, 
then  K  is  the  dielectric  constant  of  the  insulator. 

The  process  of  determining  the  dielectric  constant  generally 
consists  in  measuring  the  capacity  of  some  form  of  air  condenser  and 
then  measuring  it  again  when  for  air  we  have  substituted  the  insulator 
in  question. 

It  was  in  this  manner,  and  by  the  increase  in  capacity  so  observed, 
that  Faraday  made  the  first  measurements  of  dielectric  constant.^^ 

It  is  not  necessary  here  to  consider  all  the  numerous  methods  for 
determining  dielectric  constants  which  have  been  proposed,  nor  the 
whole  of  the  processes  by  which  electric  capacity  can  be  deter- 
mined. These  are  explained  in  text-books  on  physics  and  electrical 
measurement. 

It  is,  however,  desirable  to  explain  rather  fully  one  method  of 
measuring  small  capacities  at  low  or  moderate  frequencies,  which  the 
author,  in  conjunction  with  Prof.  W.  C.  Clinton,  has  perfected,  as  it 
affords  a  means  of  making  many  of  the  capacity  measurements  which 
are  required  in  connection  with  high  frequency  electric  current 
investigation  or  Hertzian  wave  telegraphy. 

If  we  charge  an  insulated  conductor  to  a  potential  Y,  and  measure 

Q 
the  charge  Q  so  given,  then  the  ratio  ;^,  when  Q  and  Y  are  measured 

in  consistent  units,  gives  us  the  capacity  of  the  conductor. 

If  that  capacity  is  small,  we  may  repeat  the  charging  n  times 
a  second  and  measure  the  quantity  nQ.  Suppose,  then,  we  discharge 
this  quantity  nQ  in  one  second  through  a  galvanometer.  It  is  equiva- 
lent to  a  current  nQ  in  its  effect  on  the  instrument.  Hence,  if  we 
have  the  means  to  continue  this  process  uniformly,  and  can  calibrate 
the  galvanometer,  we  have  all  the  information  necessary  for  measuring 
the  capacity. 

Many  methods  have  been  suggested  for  conducting  the  above 
operation,  but  there  are  practical  difficulties  in  it  which  have  only  been 
overcome  by  the  invention  of  a  thoroughly  effective  rotating  commu- 
tator, designed  to  effect  this  process  of  charging  a  conductor  with  a 
known  potential,  then  sending  the  charge  through  a  galvanometer, 
and  repeating  the  process  uniformly  a  known  number  of  times  per 
second.^ 

*'  See  Faraday *8  **  Experimental  Researches  in  Electricity  and  Magnetism," 
vol.  i.  ser.  xi.  §  1187. 

*'  See  J.  A.  Fleming  and  W.  G.  Clinton,  "On  the  Measurement  of  Small 
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The  details  of  this  commutator  are  shown  in  Fig.  25. 

The  instniment  consists  of  a  continuous  current  electric  motor  of 
^  h.p.,  but  for  certain  purposes,  and  where  very  small  capacities  have 
to  be  measured,  it  is  preferable  to  employ  a  motor  of  ^  h.p.  This 
motor  (not  shown  in  the  diagram)  is  bolted  down  upon  a  baseboard, 
and  has  connected  with  it  a  starting  and  regulating  resistance.  The 
motor  is  preferably  100  or  200  volt  shunt-wound  motor.  To  the 
shaft  of  this  motor  is  connected  by  a  flexible  coupling  the  commu- 
tating  arrangement  (shown  in  the  diagram  in  Fig.  25),  the  function 
of  which  is  to  charge  the  capacity  or  condenser  to  a  given  voltage, 
and  then  discharge  it  through  a  galvanometer,  repeating  this  process 
four  times  in  each  revolution  of  the  motor.  This  commutator  is  fixed 
on  a  shaft,  carried  in  well-lubricated  bearings,  supported  on  two 
small  A  frames,  P  (see  Fig.  25).  On  thifr  shaft  are  held,  by  means 
of  ebonite  brushes  and  washers,  three  gunmetal  discs  or  wheels,  of 
which  the  centre  one,  I,  is  in  shape  like  an  eight-rayed  star,  whilst 
the  two  outer  ones,  A  and  B,  are  like  crown  wheels,  each  having  four 
teeth.  The  three  wheels  are  so  set  on  the  shaft  that  the  teeth  or 
projections  of  each  of  the  two  outer  wheels  interlock  or  fall  in  the 
space  between  the  teeth  of  the  other,  whilst  the  radial  teeth  of  the 
intermediate  wheel  occupy  the  intervals  between  the  teeth  of  the  two 
outer  wheels.  The  developed  surface  of  this  triple  wheel  is  shown  in 
Fig.  26.  The  wt^ole  outer  surface  is  turned  true,  and  forms  a  barrel 
about  4  inches  in  diameter  and  2^  inches  wide.  On  this  barrel  rest 
three  brass  gauze  brushes,  h,  which  are  carried  in  well-insulated 
brush-holders,  B,  and  by  means  of  three  springs  and  levers,  L,  the 
brushes  are  firmly  pressed  against  the  barrel,  the  two  outer  brushes 
resting  on  the  continuous  portions  or  flanges  of  the  two  outer  wheels 
and  B,  and  the  middle  brush  occupies  the  centre  line  and  makes 
contact  either  with  the  wheel  A  or  wheel  B,  or  with  the  intermediate 
wheel  I,  according  to  their  position.  It  will  be  seen,  then,  that  as 
the  commutator  runs  round,  the  middle  brush  is  alternately  brought 
into  metallic  connection  with  first  one  and  then  the  other  of  the  two 
brushes  on  either  side.  The  function  of  the  middle  wheel,  I,  is  to 
afford  a  steppiog-piece  to  prevent  any  shock  or  jar  as  the  middle 
brush  passes  over  from  one  connection  to  the  other.  It  also  prevents 
the  middle  brush  from  short-circuiting  the  two  outer  brushes  at  any 
time.  If,  then,  one  terminal  of  the  galvanometer  is  connected  to  the 
brush  pressing  against  the  wheel  A,  and  one  terminal  of  a  battery  is 
connected  to  the  brush  pressing  against  wheel  B,  and  one  terminal  of 
a  condenser  is  connected  to  the  middle  brush,  the  other  terminals  of 
the  battery,  galvanometer,  and  condenser  being  connected  together, 
it  will  easily  be  seen  that  as  the  commutator  rotates,  the  condenser 
is  first  charged  at  the  battery,  and  then  discharged  through  the 
galvanometer.  It  is  convenient  to  employ  a  speed  of  1200  and  1700 
revolutions  per  minute.  To  count  the  rotations  of  the  commutator, 
a  worm,  W,  on  the  shaft  drives  a  wheel,  6,  of  such  gear  that  the 
latter  makes  one  revolution  for  every  hundred  revolutions  of  the 
commutator.  This  wheel  carries  a  pin,  which  at  each  revolution 
causes  a  hammer,  A,  to  strike  a  gong,  £.     Every  hundred  revolutions, 

CapAcitiee  and  Induotanoes,"  Proc.  Phys.  8oc.  Lond.^  1908,  vol.  18,  p.  366 ;  also 
Phil.  Mag.,  May,  1908,  vol.  v.  ser.  6,  p.  498. 
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therefore,  of  the  motor  or  oommutator  the  gong  gives  one  stroke,  and 
by  means  of  a  stop-watch  it  is  easy  to  take  the  time  of  ten  strokes  of 
the  gong — in  other  words,  to  ascertain  the  time  in  seconds  of  a 
thousand  revolutions  of  the  motor,  and  therefore  of  the  number  of 
commutations  per  second.  In  the  case  of  the  motor  described,  1000 
revolutions  take  place  generally  in  40  seconds,  which  is  at  the  rate  of 
1500  per  minute,  and  therefore  corresponds  with  100  commutations 
of  the  condenser  pei:  second. 

Various  methods  of  making  the  rubbing  contacts  have  been  used, 
and  brass  gauze  brushes  found  to  be  the  best.  Carbon  brushes  were 
tried  at  one  time,  but  were  not  so  good  as  the  brass  gauee.  It  is 
essential  that  the  commutator  surface  should  be  kept  bright  and 
clean,  and  the  brass  gauze  brushes  do  this  themselves  when  adjusted 
to  the  right  pressuze. 

Associated  with  this  commutator,  it  is  best  to  make  use  of  a 
galvanometer  of  the  movable  coil  type.  By  the  aid  of  this  instru- 
ment, given  a  source  of  constant  voltage  by  which  the  motor  can  be 


Fig.  26. 


driven  steadily,  such  as  a  secondary  battery,  the  measurement  of 
small  capacities  becomes  an  exceedingly  easy  matter. 

In  the  case  of  most  movable  coil  galvanometers  the  scale  deflec- 
tions are  by  no  means  proportional  to  the  current,  and  hence  when 
measuring  a  series  of  capacities  it  is  desirable  afterwards  to  plot  a 
calibration  curve  of  the  galvanometer  scale,  from  which  the  condenser 
currents  can  be  read  off  directly  in  microamperes.  This,  however,  is 
always  easily  accomplished.  In  additfon,  we  have  to  measure  the 
potential  of  the  discharging  battery.  For  most  practical  purposes 
this  can  be  done  by  a  Weston  voltmeter. 

Then  let  V  represent  the  voltage  of  the  battery  charging  the  con- 
denser or  aerial,  G  the  capacity  of  the  condenser  in  microfarads,  A  the 
current  in  microamperes  through  the  galvanometer,  and  n  the  numbet 
of  charges  per  second,  then — 

A  =  nCV 
«r    0  =  A 

To  determine  the  numerical  value  of  the  capacity,  we  have,  there- 
fore, to  standardize  the  galvanometer  or  determine  the  ampere  value 
of  the  steady  current  which  will  make  the  same  deflection.    This  can 
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be  accomplished  by  shunting  the  galvanometer  with  a  known  small 
resistance,  placing  the  shunted  galvanometer  in  series  with  another 
high  resistance,  and  then  applying  to  the  terminals  of  this  circuit  a 
coil  of  known  electromotive  force.  If  a  megohm  resistance  is  avail- 
able it  is  generally  possible,  by  placing  this  in  series  with  the 
galvanometer,  to  standardize  the  galvanometer  off  the  same  battery 
used  to  charge  the  condenser.  In  this  case  no  voltage  measurement 
is  necessary. 

If  the  repeated  discharges  of  the  condenser  of  capacity  G  micro- 
farads create  on  the  galvanometer  a  steady  deflection  0,  then  if  the 
battery  has  an  E.M.F.  V,  which  can  be  considered  to  remain 
constant  during  the  two  tests,  we  can  apply  the  same  battery  to 
the  terminals  of  the  shunted  galvanometer  of  resistance  G,  which 
is  placed  in  series  with  the  high  resistance  E,  and  we  can  alter  the 
shunt  S  until  the  same  deflection  0  is  obtained. 

Then  we  have — 

nVC  V  S 

106  -^TT     55"  ^  G  +  S 

^  +  G  +  S 

Hence  C  = ^^ ,^7^ (82) 

«R(G  +  S)  +  nGS  ^    ^ 

This  determines  the  capacity  in  terms  of  the  resistances  and  the 
frequency  of  the  commutator. 

By  the  aid  of  the  above-described  apparatus  the  measurement  of 
very  small  capacities  becomes  as  simple  as  the  measurement  of  small 
resistances. 

Measurements  must  always  be  made  by  difference,  and  account 
taken  of  the  capacity  of  the  commutator  itself  and  of  the  connecting 
leads.  Thus,  for  instance,  if  the  capacity  of  a  Leyden  jar  has  to  be 
measured,  the  jar  is  connected  as  shown  in  Fig.  27,  the  outer  surface 
to  the  common  terminal  of  the  battery  and  galvanometer,  and  the 
inner  one  to  the  middle  brush  of  the  commutator.  The  commutator 
is  then  run  up  to  speed,  and  the  speed  measured  by  taking  the  time 
with  a  stop-watch  of  1000  revolutions  or  ten  bell  strokes.  If  the 
galvanometer  deflection  remains  steady,  this  shows  the  speed  is 
uniform.  When  the  deflection  has  been  measured  the  jar  is  removed, 
and  the  leads  open-circuited.  Another  run  is  then  taken,  and  the 
galvanometer  deflection  measured.     The  value  of  the  current  A  to  be 

inserted  in  the  formula  G  =  -:f^  is  the  difference  of  the  currents  in 

nV 

microamperes  corresponding  to  these  two  deflections. 

If  the  capacity  being  measured  is  that  of  an  insulated  body,  such 
as  an  aerial  wire  or  other  object,  then  it  is  connected  to  the  middle 
brush  of  the  commutator,  and  the  common  terminal  of  the  battery 
and  galvanometer  must  be  "  earthed."  The  same  procedure  as  above 
described  must  be  followed  to  eliminate  the  capacity  of  the  commutator 
and  leads. 

To  employ  the  instrument  for  the  measurement  of  dielectric 
constants,  some  form  of  air  condenser  must  be  provided  in  which  the 
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dielectric  can  be  substituted  for  air  and  the  capacity  then  measured. 
There  are  not  many  forms  of  condenser  which  can  be  ilsed  for  this 
purpose. 

If  two  insulated  metal  plates  of  area  S  square  centimetres  are  set 
up  in  air  parallel  to  each  other  at. a  distance  d  centimetres,  we  have 
an  air  condenser  which  has  a  certain  capacity.  Between  the  central 
portion  of  the  plates  the  lines  of  electrostatic  force  spring  straight 
across  normally  to  the  plates,  and  as  far  as  this  part  of  the  capacity  is 
concerned  it  can  be  calculated  in  electrostatic  units  by  the  formula 
usually  given  in  the  text-books,  viz. : — 


C  = 


A 


^—j  (in  electrostatic  units) 


where  A  is  some  area  of  the  plates  less  than  that  of  their  actual 
area  8.     The  whole  capacity  cannot,  however,  be  calculated  by  the 


B 


H|l|l|t|l|l|l|l|l|l|i 


R 


Fig.  27. — 6,  battery ;  G,  condenser ;  G,  galvanometer ;  M,  oommatator ; 
R,  standardizing  resistance ;  S,  shunt ;  a,  6,  c,  three-way  plug  switch. 

simple  rule.  There  is,  in  addition,  a  distribution  of  electric  force  at 
the  edges,  and  beyond  the  edges  of  the  plates  in  curved  lines,  and  if 
the  distance  of  the  plates  is  large  compared  with  their  diameter,  the 
capacity  due  to  this  part  of  the  flux  may  amount  to  a  large  fraction 
of  the  total  of  the  whole.  Hence  the  above  simple  formula  is  far 
from  giving  the  true  capacity  of  a  pair  of  parallel  plates.  In  the 
same  manner,  the  substitution  of  a  sheet  of  dielectric  of  thickness  d 
for  the  air  between  the  plates  will  not  enable  us  to  calculate  exactly 
the  dielectric  constant.  For  such  a  sheet  only  occupies  part  of  the 
space  filled  with  lines  of  electrostatic  force. 

Eirchhoff  has  given^^  a  formula  for  calculating  exactly  the  capacity 

**  G.  Kirchhoff ,  Oesamtnelte  Abhandlungen,  p.  112,  *'  Zur  Theorie  des  Conden- 
sators."     See  equation  (18). 
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of  a  pair  of  parallel  circular  plates,  each  of  radius  r,  placed  at  a  distance 
d  apart  in  the  air,  as  follows : — 

where  t  is  the  thickness  of  the  plates,  0'  is  any  part  of  the  capacity 
which  does  not  change  with  the  distance  d,  and  e  is  the  hase  of 
Napierian  logarithms.  Suppose,  then,  that  we  place  between  the 
plates  a  circular  disc  of  any  dielectric  having  a  dielectric  constant  K, 
such  disc  being  smaller  than  the  plates,  and  having  a  radius  r^  and  a 
thickness  d^.  Let  the  plates  be  moved  up  to  touch  this  disc,  placed 
concentrically  between  them.  Then  the  capacity  of  the  system  is 
given  by  the  formula — 

•  Hence  by  measurement  of  G^  and  the  dimensions  we  can  find  K. 

The  assumption  made  is  that  the  disc  of  dielectric  does  not  disturb 
the  distribution  of  the  field  outside  itself,  but  only  intensifies  the  field 
vdthin  itself  in  the  ratio  of  E  :  1.  This  assumption  is  not  quite 
legitimate,  but  the  method  is  approximately  correct,  and  certainly  far 
less  incorrect  than  the  assumption  usually  made,  that  the  whole 
original  capacity  of  the  plates  is  merely  increased  in  the  ratio  of  E  :  1 
by  inserting  a  plate  of  dielectric  of  the  same  size  as  the  plates  between 
them.  The  above  method,  using  EirchhofiTs  formula,  was  employed 
by  Messrs.  Pollock  and  Yonwiller  in  a  measurement  of  the  dielectric 
constant  of  plate  glass.^ 

If  we  put  <  =  0  in  EirchhoflTs  expression,  we  have  the  capacity  of 
two  infinitely  thin  circular  discs  at  a  distance  d  apart.  It  reduces 
them  to — 

^      TTT^   ,    r  ,       IGttt 

0=  7-3  +  .  Jog. 


or 


ind      in  ed 


The  second  term  in  the  bracket,  therefore,  represents  that  fraction 
by  which  the  capacity  of  the  real  condenser  exceeds  that  of  the  ideal 
or  text-book  condenser,  in  which  the  electric  force  is  considered  simply 
to  pass  normally  from  plate  to  plate.     If  the  plates  are  10  cms.  in 

■J  1  d  ..a- 

radius  and  1  mm.  apart,  then  -  =  100,  and  —  log,  — —  is  nearly  J^, 

d  ITT  €d 

so  that  the  real  capacity  exceeds  the  capacity  calculated  from  the 

formula  -r—,  by  only  2^  per  cent. 

We  are  led,  therefore,  to  this  conclusion,  that  if  the  circular 
condenser  plates  are  very  large  compared  with  their  distances  apart, 

*^  See  Pollock  and  VonwiUer, "  Some  Experiments  on  Electrio  Wftves  in  Short 
Wire  Systems  and  on  the  Specific  Inductive  Capacity  of  a  Specimen  of  Glass," 
Phil.  Mag,,  1902,  vol.  8,  ser.  6,  p.  586. 


n 
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we  may  caloulate  approximately  the  capacity  of  the  condenser  by  the 
simple  formula — 

C  =  i— ,-     y: =-^  microfarads  ....  (86) 

^d  X  9  X  105  ^     ' 

where  S  is  the  area  of  one  plate  in  square  centimetres,  and  d  is  their 
distance  apart  in  centimetres,  ^  being  very  small. 

On  the  other  hand,  to  abolish  the  irregular  edge  distribution,  we 
may  make  use  of  a  guard  plate.  One  of  the  condenser  plates  has  in 
it  a  large  aperture  which  is  nearly  filled  by  another  insulated  smaller 
plate.    The  two  last  plates  are  fixed  in  the  same  plane. 

The  outer  margin  of  the  smaller  plate  is  called  the  guard  plate. 
When  the  small  plate  and  its  guard  plate  are  charged  to  one  common 
potential,  diJBTering  from  the  potential  of  the  opposed  larger  plate,  the 
lines  of  electrostatic  force  spring  straight  across  between  the  two 
plates,  and  the  capacity  of  the  small  plate  with  respect  to  the  opposed 

a 

one  is  very  nearly  given  by  formula  j—,  where  S  is  the  area  of  the 

small  plate  and  d  its  distance  from  the  other.  There  is,  however, 
some  difficulty  in  applying  the  charge  and  discharge  method  to  this 
arrangement,  as  the  guard  plate  must  be  discharged  at  the  same 
instant  as  the  guarded  plate,  but  not  through  the  galvanometer. 

In  place  of  plates  we  may  employ  concentric  cylinders.  If  B^  be 
the  inside  diameter  of  the  outer  cylinder,  and  B2  the  outside  diameter 
of  the  inner  cylinder,  and  /  the  common  length  of  both  cylinders,  all 
measured  in  centimetres,  then  the  capacity  in  electrostatic  units  with 
air  as  dielectric  is  given  by — 

0  = Lf. (86) 

provided  we  neglect  the  distribution  of  force  at  the  ends  of  the 
cylinders.  This  can  only  be  legitimately  done  when  their  length  is 
very  great  compared  with  the  difference  between  B^  and  B2. 

If  a  substance  having  a  dielectric  of  constant  K  is  substituted  for 
air,  the  capacity  becomes — 


^  (electrostatic  units) 


K/ 

or    0=  ...  .  .^Q  r. ^ -. ^-microfarads  .      (87) 

414468  (logio  Bi  ~  logio  Bg) 

There  is,  however,  a  distribution  of  electric  force  in  curved  Hnes 
at  the  ends  of  the  cylinders,  which  in  the  case  of  short  cylinders 
renders  the  above  formula  inapplicable. 

The  only  form  of  condenser  in  which  this  edge  effect  is  absent 
is  in  the  case  of  concentric  spherea  If  a  solid  sphere  of  metal  of 
radius  B2  is  supported  concentrically  with  a  hollow  sphere  of  inner 


c  =  ^ 
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radius  B^,  the  dielectric  being  air,  it  is  easy  to  show  that  the  capacity 
Id  electrostatic  units  is  given  exactly  by  the  expresaion— 

-E^^fi, <»«' 

If  we  substitute  for  air  any  other  iusulator  quite  filling  up  the  space 
between  the  spheres  and  the  capacity  becomes  K  times  as  great, 
then  K  is  the  dielectric  constant  of  that  insulator.     A  form  of  double 
coue  condenser  was  designed  by  the  author  for  certain  experiments  on 
the  dielectric  constant  of  hquids  or  frozen 
liquids.     It  consists  of  two  ooasial  cones 
of  metal  (ees  Fig.  28),  which  can  be  ad- 
justed to  have  any  desired  interval  between 
the  inside  of  one  ooae  and  the  outside  of 
the  other.     An  ebonite  or  glass  peg  at  the 
bottom  holds  the  cones  coazially.    This 
interspace  can  be  fitted  with  liquid  and 
the  capacity  of  the  condenser  so  formed 
taken." 

There   are   several    simple   cases   of 

conductors  insulated  in   space  in  which 

the  capacity  can  be  calculated  from  the 

dimensions  of  the  conductor.     Thus  if  a 

metal  sphere  is  hung  up  in  infinite  space, 

that  is,  all  other  conductors  removed  by  a 

very  great  distance,  the  capacity  of  the 

sphere  in  electrostatic  units  is  numerically 

Fig.  38. — Cone  CondenBer.       equal  to  its  radius  in  oentimetreB.     Since 

1  mfd.  is  equal    to  900,000  electrostatic 

units,  the  capacity  0  of  a  sphere  of  radius  R  centimetres  hung  up  in 

a  medium  of  dielectric  constant  K,  all  other  bodies  being  very  far  off. 

is  given  by  the  rule — 

^  "  9  X  10^  (microfomda) 
On  the  other  hand,  we  must  not  regard  an  ordinary  sized  room  as 
representing  infinite  space  electrically  speaking  If  a  sphere  1 
metre  in  diameter  is  hung  up  in  a  room  30  feet  by  30  feet  by  15  feet, 
the  real  capacity  of  the  sphere  would  be  about  10  per  cent,  greater 
tlian  that  given  by  the  above  rule. 

Another  useful  ease  is  that  of  a  flat  circular  disc.    The  capacity  of 

a  disc  of  diameter  d  centimetres  insulated  in  free  space  is  -  electrostatic 
units,  or  --;,— r^;  mfds. 

A  circular  diso  about  5  feet  in  diameter  insulated  by  being  hung 
up  by  a  silk  string  in  the  centre  of  a  large  room  has  a  capacity  about 
10  per  cent,   more  than  that  given   by  the  above  formula.      In 
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measuring  such  very  small  capacities  a  convenient  unit  is  the  micro- 
microfarad  (mmfds.;,  which  is  one-millionth  of  a  microfarad.  Hence 
a  thin  circular  disc  of  which  the  diameter  is  28*27  cms.  =  Ott  cms. 
has  a  capacity  in  free  space  of  10  mmfds.  Hung  up  in  a  large  room, 
it  would  really  have  about  11  inmfds.  capacity. 

Another  important  case  is  that  of  a  thin  long  circular-sectioned 
wire  suspended  in  space.  Such  a  wire  may  be  taken  to  be  a  limiting 
form  of  an  ellipsoid  of  retolution.  The  capacity  G  of  an  ellipsoid 
with  semi-axes,  a,  b,  and  c  in  infinite  space  is  given  by  the  ex- 
pression *2 

^-  -       _  (89) 

If  we  put  b  =  c  and  if  -  is  a  small  fraction  compared  v^ith  unity, 
the  above  integral  becomes  equal  to — 

0^ ^ (90) 

If  we  call  /  the  length  of  a  wire  and  d  its  diameter,  then  we  may 
say  that  the  capacity  of  such  a  wire  in  free  space  in  electrostatic 
imits  is  given  by — 

c=-7Tj (91) 

The  capacity,  therefore,  of  a  wire  I  cms.  long  and  d  cms.  in 
diameter,  insulated  from  the  earth  and  considerably  removed  from  it, 
is — 

C  =  mu  microfarads    .     .    (92) 

4-6052  logiojX  9  Xl0« 

This  last  formula  may  be  put  in  the  form — 

C  =g  At  micro-microfarads    .     .    .     (93) 

41447  logio  J 

and  gives  us  a  very  useful  formula  for  the  approximate  predetermina- 
tion of  the  capacity  of  a  vertical  wire  used  as  an  antenna  for  vnreless 
telegraphy.  As  an  illustration  of  the  effect  of  the  proximity  of  the 
earth,  we  may,  however,  give  the  following  figures : — 

A  circular  metallic  disc  60  inches  in  diameter  was  suspended  and 
insulated  in  one  room  of  the  Pender  Electric  Laboratory  of  University 

College,  a  room  about  40  feet  by  50  feet  by  18  feet.     The  calculated 

d 
capacity  by  the  formula  -   is  53*44  mmfds.,  the  measured  capacity 

IT 

was  found  to  be  59*95  mmfds.,  or  10  per  cent,  greater. 

A  wire  was  set  up  in  the  open  air  suspended  and  insulated  from 

**  See  **  Handbook  for  the  Electrical  Laboratory  and  Testing  Room,"  J.  A. 
Fleming,  yoL  ii.  chap.  ii.  p.  114. 
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a  mast.  The  length  was  111  feet,  and  diameter  0*085  mch,  or  0*215 
cm.  The  calculated  capacity  from  the  ellipsoid  formula  is  181  mmfds. 
The  observed  capacity  was  205  mmfds.,  or  10  per  cent,  greater. 
When  a  number  of  such  wires  are  hung  up  side  by  side  the  united 
capacity  is  always  much  less  than  that  of  the  sum  of  each  wire  alone. 
Thus  four  wires,  each  111  feet  long  and  0*215  cm.  in  diameter,  were 
hung  up  6  feet  apart ;  the  united  capacity  was  found  to  be  583  mmfds., 
and  not  820  or  4  X  205  mmfds.  In  the  same  way,  160  such  wires 
suspended  and  insulated,  the  wires  arranged  in  an  inverted  cone  shape 
with  angle  of  about  60° ;  the  wires  being  2  feet  apart  at  the  top  and 
in  contact  at  the  bottom,  were  found  to  have  a  united  capacity  of 
2685  mmfds.,  or  only  about  10  or  11  times  that  of  one  single  wire  of 
the  same  length  and  diameter.  The  above  figures  show  how  difficult 
it  is  to  obtain  any  very  large  capacity  by  suspending  insulated  sheets 
or  vmes  of  metal  in  the  open  air.  If  we  attempt  to  multiply  the 
sheets  or  wires,  they  simply  reduce  each  other's  capacity,  and  the  sum- 
total  is  very  far  below  the  sum  of  the  individual  capacities.  ^^ 

As  the  case  of  a  long  thin  wire  insulated  in  air  is  important  from  the 
point  of  view  of  wireless  telegraphy,  we  give  another  method  of  deter- 
mining the  capacity  by  calculation  which  is  due  to  Professor  A.  Slaby.^ 

Let  a  circular-sectioned  cylinder  of  metal  have  a  length  I  and  a 
diameter  2r.  Take  the  centre  as  origin  and  consider  any  slice  of  the 
cylinder  of  length  dx  at  the  distance  x.  Then  let  p  be  the  density  of  the 
electric  charge  on  the  surface.  Hence  the  surface  charge  on  the  ring 
of  width  dx  is  ^irrpdr. 

The  potential  dW  due  to  this  annular  charge  at  the  origin  is — 

^^^-rpdx 
V  r2  +  a;2 

and  since  the  potential  in  the  cylinder  is  everywhere  the  same,  we 
obtain  the  potential  of  the  cylinder  by  taking  the  integral — 

J  oy/r^-^X^ 

Hence    V  =  dwrp  |log,  ( ^  +\/r^  +  4  )  —  ^^S^r^ 

But  2rrrf^  is  the  whole  charge  Q  on  the  cylinder,  and  by  definition 

the  capacity  C  =  ^.     If,  then,  r  is  small  compared  mth  5,  we  have — 

V  ^ 

C=— ^ (94) 

2  log,i 

«*  For  additional  information  on  this  point,  see  Fleming  and  Clinton, "  On  the 
Measurement  o£  Small  Capacities  and  Inductances,"  PhU.  Mag.,  May,  1903,  ser. 
6,  vol.  6,  p.  493. 

**  See  A.  Slaby,  "On  Wireless  Telegraphy,"  EUktroUchnische  Zeitschrift, 
Aug.  1904 :  or  V^lairage  Electrique,  Oct.  19,  1904,  vol.  41,  p.  179. 
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This  is  the  same  formula  as  ^91). 

Returning,  then,  to  the  practical  measurement  of  capacity,  it  may 
be  noticed  that  the  commutator  above  described  may  be  used  in  another 
way  for  the  measurement  of  capacity.  If  the  commutator  shown  in 
Eig.  25  is  employed  not  to  charge  and  discharge  the  condenser 
through  a  galvanometer,  but  to  discharge  it  through  a  short  thick 
wire,  the  condenser  and  com- 
mutator  are  equivalent  to  a 
resistance  because  they  pass 
through  a  certain  quantity  of 
electricity  per  second.  The 
condenser  of  capacity  G 
farads  discharged  n  times  per 
second  is  equivalent  to  a  re- 
sistance of  -7^  ohms.    Hence 

Lifl 
it  may  be  inserted  in  one  arm 
of  a  Wheatstone's  bridge  and 
measured  as  a  resistance. 

Let  G  be  the  condenser 
(see  Eig.  29),  and  Q,  S,  and 
K  the  other  resistances  form- 
ing the  arms  of  the  bridge.  Let  B  be  a  battery  and  G  a  galvanometer. 
Then  when  Q,  S,  and  E  are  varied  so  that  no  current  flows  through 
the  galvanometer  when  the  key  K  is  depressed,  the  capacity  G  is  given 
by  the  expression — 

^  r  ^  (Q  +  S  +  GKR  +  B  +  S)) 

Boh  I  ^^         ifli  ^^         ! 

^'^r"^Q(R  +  B  +  S)>r"^R(Q  +  S  +  G)5 


•^iiinliH^- 


B 

Fio.  29. — A  Capacity  and  Gommatator 
balanced  as  a  Resistance  on  a  Wheatstone's 
Bridge. 


G/e  = 


(95) 


Q(R  +  B  +  S)>r  •  R(Q  +  S  +  G) 

For  the  proof  of  the  above  formula  the  reader  must  be  referred  to 
the  author's  "  Handbook  for  the  Electrical  Laboratory  and  Testing 
Room,"  vol.  ii.  p.  145,  2nd  edition. 

The  above  methods  are  absolute  methods,  that  is,  they  determine 
the  capacity  in  terms  of  a  frequency  and  resistances.  We  can,  how- 
ever, employ  a  double  commutator  of  the  kind  shovni  in  Fig.  30,  but 
having  two  independent  commutajbors  on  the  same  shaft  driven  at  the 
same  speed  by  one  motor.  We  can  therefore  commutate  two  con- 
densers at  the  same  time  and  insert  one  condenser  plus  its  commutator 
in  each  arm  of  a  Wheatstone's  bridge.  We  can  thus  compare  directly 
by  a  null  method  the  unknown  capacity  of  one  condenser  with  the 
known  capacity  of  another  condenser  having  a  different  value  just  as 
if  they  were  two  resistances.^^ 

Li  addition  to  these  commutator  methods  there  is  another  method 
of  determining  the  capacity  of  a  condenser  by  comparing  it  with 
a  standard  of  mutual  inductance,  which  is  often  very  useful.  This 
method  is  commonly  called  the  Garey  Foster  method  of  measuring 

**  This  method  was  described  by  Mr.  A.  GampbeU,  see  Proc.  Phys.  Soc,  Lond,, 
Yol.  ziiy.  p.  181, 1912 ;  but  as  a  matter  of  ftkot  the  method  had  been  known  and 
used  in  the  author's  laboratory  many  years  preyiously. 
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capacity,  although,  as  a  matter  of  fact,  it  was  devised  hy  Professor  G. 
Carey  Foster  in  1887  as  a  means  of  determining  a  mutual  inductance 
in  terms  of  a  capacity  and  two  resistaQces.*'  The  method  is  as 
follows  :— 

!□  one  arm  of  a  Wheatstone's  bridge  a  condenser,  C,  is  inserted,  and 
in  the  conjugate  arm  is  one  coil  of  a  mutual  inductance,  L,  such  as  the 


Fia.  80.— Double  Conmiutatior  for'tbe  Compftrison  of  Capacities . 

Campbell  variable  standard,  the  connectiona  being  as  shown  in  Kg. 
31.  The  other  arms,  F  and  Q,  are  non-inductive  resistances,  and 
the  battery  circuit  contains  the  other  coil,  N,  of  the  mutual  induct- 
ance, the  resistance  of  which 
is  S  ohms.  The  battery  circuit 
is  conoected  as  shown  in 
Fig.  SI,  vrith  one  lead  to  one 
terminal  of  the  galvano- 
meter  G. 

It  is  coaTenient,  therefore, 
to  consider  the  resistance  of 
the  arm  Q  to  be  included  in 
that  of  the  ioductive  coil  R, 
and  to  call  all  the  resistance 
shunting  the  galvanometer  B. 
Let  x  +  ff,  y,  and  z  be  the 
currents  ciniulating  in  the 
meshes  of  this  bridge  when 
the  battery  key  is  depressed. 
It  is  convenient  to  consider 
the  cnrrents  aa  all  flowing  in  the  same  direction,  so  that  the  actual 
current  in  the  galvanometer  is  a;  =  (z  -)-  y)  —  y.  If  L,  M,  and  N  are 
the  self  and  mutual  inductances  of  the  coils  in  the  mutual  inductance 
standard,  then  the  kinetic  energy  T  of  the  system  is  given  by — 

T  =  iLya-Ma;t/  +  4N3a (96) 

"  See  G.  Caie;  Foster,  "  Note  on  a  Method  of  determiniDg  Coefficients  of 
Mutual  Inductance,"  PHI.  Mag.,  vol.  23,  ter.  6,  p.  121,  1687. 


^'l'H'h^- 


Fie.31.— Connections  of  Caie;  Foster  Bridge 
for  Comparison  of  ft  Capacity  and  a  Mutual 
Inductance. 
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We  have  to  place  a  minns  sign  before  the  seeond  term,  because  the 
coils  must  be  so  connected  for  this  test  that  the  E.M.F.  due  to 
mutual  inductance  tends  to  oppose  that  due  to  self-inductance  in  the 
mesh  y,  but  to  help  it  in  the  mesh  z.  Also  the  rate  at  which  energy 
is  dissipated  in  the  S3rstem  denoted  by  F  is  given  by 

F  =  P(ic  +  y-2)2+G(M^-y)2  +  Ry2  +  S22   .    (97) 
where  P,  E,  S,  and  G  stand  for  the  resistances  of  the  bridge  arms  and 
of  the  galvanometer. 

Now  Maxwell  showed  ^^  that  the  electromotive  force  in  any  mesh 
or  circuit  can  be  expressed  by  an  equation  similar  in  form  to 
Lagrange's  dynamical  equations,  viz.  for  the  y  cycle  or  mesh — 

^=i(f)+i^ ««> 

If,  then,  we  substitute  in  equation  (98)  the  values  derived  from  (96) 

d 
and  (97),  and  write  p  for  -=-,  we  have  the  three  equations  for  the  three 

meshes  -t  -\-y,  t/^  and  z  as  follows : — 

For  the  z  cycle    N/?2  —  Mpy  +  P2  —  P(x  +  y)  +  S2  =  E 
for  the  y  cycle  hpi/  —  Mpz  +  Qy  —  G(ic  +  y)  +  -^  =  0 

for  the  a*  +  y  cycle 

P{^  +  y)  -  Tz+  Gix  +  y)-G!i  =  -  ^j{x+y)dt ' +/-  • 

Rearranging  these  terms,  we  have — 

—  Par  —  (P  +  Mp)y  +  (P+  S  +  Np)2;  =  E 
—  Go;  +  (R  +  Lp)y  --  Mjt?3  =  0 

Solving  for  x  we  have — 

e{(^  -  RP)  +  P(Mp  -  I^)} 


(99) 


A 

where  A  .is  a  function  of  P,  R,  S,  L,  M,  N,  and  p  which  does  not 
concern  us. 

Hence  if  E  is  steady  or  constant  the  condition  for  a;  =  0  is  thus — 

M  =  CRPorC  =  ii 

Accordingly,  if  this  relation  holds  good,  the  galvanometer  will 
show  no  current  when  the  battery  circuit  is  made  or  broken  by  the 
key,  provided  the  battery  E.M.F.  remains  constant. 

If  M  is  a  known  mutual  inductance  and  R  and  P  known  resis- 
tances, we  can  use  the  method  to  determine  the  value  of  the  capacity 
C  by  suitably  selecting  values  for  the  bridge  arms  R  and  P  and 
varying  M  until  the  galvanometer  indicates  no  "kick"  or  sudden 
current  when  the  key  in  the  battery  circuit  is  raised  or  lowered. 

*'  See  *•  A  Treatifle  on  Electricity  and  Magnetism;*  J.  Clerk  Maxwell.    Vol. 
II.  chap.  Ti.,  2nd  edit. 
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If  the  battery  is  replaced  by  an  alternator  or  other  means  of 
making  a  variable  current,  then  the  condition  for  zero  current  in  the 
galvanometer  is  not  merely  that  M  must  be  equal  to  GBP,  but 
also  that  M  must  be  equal  to  L.  This  last  condition  must  hold 
good  if  a  telephone  and  alternating  current  are  used  in  place  of  a 
galvanometer  and  battery.^ 

&•  Heasurement  of  Small  Capacities  with  High  Fpoquenoy 
Eleotromotive  Forces. — In  the  measurement  of  small  capacities 
such  as  those  of  Leyden  jars,  antennsB  and  aerial  conductors  generally 
made  with  high  frequency  electromotive  forces,  there  are  some  sources 
of  error  against  which  the  experimentalist  must  be  on  his  guard.  If, 
for  instance,  the  capacity  of  a  Leyden  jar  of  the  ordinary  tjrpe  is 
measured  with  the  rotating  commutator  as  described  in  §  7,  at 
a  low  frequency,  that  is,  some  frequency  of  the  order  of  100,  and  if 
the  capacity  of  the  same  jar  is  subsequently  measured  with  a  high 
frequency,  that  is  to  say,  a  frequency  of  the  order  of  a  miUion  more 
or  less,  a  marked  difference  will  in  general  be  found  between  these 
two  results.  The  capacity  of  such  a  small  condenser  with  high 
frequency  electromotive  force  can  be  best  measured  by  the  aid  of 
the  author's  Direct  Beading  Cymometer  (see  Chap.  VI.  §  16).  By 
means  of  this  instrument  the  capacity  can  be  measured  easily  for 
different  high  frequencies  and  with  different  electromotive  forces. 
The  principle  on  which  high  frequency  measurement  of  capacity  can 
be  made  has  already  been  described  in  §  4  of  this  chapter.  It 
consists  in  determining,  by  means  of  the  cymometer,  the  frequency  of 
the  oscillations  set  up  in  a  circuit  composed  of  a  known  inductance 
and  the  capacity  to  be  measured.  Hence  by  varying  the  inductance 
we  can  vary  the  frequency  for  the  same  capacity,  and  if  the  condenser 
under  test  and  the  inductance  form  an  oscillatory  circuit  with  the 
spark  gap,  we  can  vary  the  charging  electromotive  force  by  varying 
the  length  of  the  spark  gap.  If  we  measure  in  this  manner  the 
capacity  of  a  Leyden  jar  for  frequencies  varying,  say,  from  1  to  2 
million,  and  with  various  spark  gaps,  say,  1  to  4  mm.,  it  will  be 
found  that  the  capacity  of  the  Leyden  jar  increases  with  the  length  of 
the  spark  gap  for  the  same  frequency.  The  cause  of  this  variation  id 
the  brush  discharge  which  takes  place  at  the  edges  of  the  tinfoil 
coating  of  the  jar.  When  the  Leyden  jar  oscillatory  discharge  is 
taking  place  an  electric  glow  will  be  seen  fringing  the  edge  of  the 
tinfoil.  This  really  amounts  to  an  escape  of  electricity  from  the  tinfoil 
over  the  glass,  and  is  equivalent  to  an  increase  in  the  capacity  of  the 
jar.  This  augmentation  may  amount  to  6  or  10  per  cent,  of  the  capacity 
measured  with  a  low  frequency  electromotive  force,  and  is  therefore 
by  no  means  negligible.  It  can,  however,  be  completely  prevented 
by  immersing  the  jar  in  highly  insulating  oil,  so  as  to  prevent  glow 
discharge  at  the  edges  of  the  tinfoil.  If  a  condenser  is  constructed  of 
glass  plates  having  tinfoil  coatings  put  on  in  the  usual  manner,  then 
no  sensible  variation  in  the  high  frequency  capacity  is  found  when 
the  plates  are  immersed  as  described  in  oil  when  using  varying  values 
of  the  spark  gap  length,  that  is,  of  the  charging  electromotive 
force. . 

*^  Soe  A.  Gray,  "Absolute  Measurements  in  Electricity  and  Magnetism," 
vol.  ii.  part  2,  p.  507. 
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On  the  other  hand,  with  sufficient  increase  in  frequency  of  the 
oscillations,  the  capacity  is  found  to  decrease  when  glow  discharge  is 
arrested  by  immersing  the  condenser  in  oil.  The  author  has  found 
that  in  comparing  the  capacity  of  a  condenser  with  glass  dielectric  at 
low  frequency  (100)  and  a  high  frequency  (10«),  the  difference  in  the 
capacity  produced  by  the  glow  discharge  at  the  edges  of  the  tinfoil  is 
far  greater  than  the  difference  due  to  mere  electrical  frequency.  This 
increase  of  capacity  due  to  the  glow  discharge  depends  not  merely 
upon  the  spark  length  employed  in  making  the  measurement,  but  also 
upon  the  frequency  of  the  break  of  the  induction  coi],  so  that  in 
measuring  the  capacity  of  Leyden  jars  by  the  cymometer,  or  any 
other  method  employing  high  frequency  electromotive  force,  observers 
should  always  be  careful  to  state  the  spark  length,  the  spark  frequency, 
and  also  the  inductance  of  the  circuit  or  the  frequency  of  the 
oscillations. 

As  an  instance  of  the  kind  of  variations  which  may  occur  in  such 
measurements,  the  following  results  are  given  of  observations  taken 
on  the  capacity  of  a  Leyden  jar  of  a  size  commonly  used  in  wireless 
telegraphy.  The  capacity  of  this  jar  measured  with  the  commutator 
at  a  frequency  of  100  was  found  to  be  0*001263  mfd.  The  capacity  of 
the  same  jar  was  then  measured  with  the  author's  cymometer  for 
various  spark  lengths  and  inductances  in  series  with  the  jar,  as  shown 
in  the  table  below. 

TA.BLB  SHOWING  THB  VaBIATION  DfT  GaPACITT  OF  A  LbYDEN  JaB  WITH  OhAROIKG 

VOLTAGB  AND  FbBQUBNCY. 


Lencthor 


1  mm. 

1 

1 


It 


2  mm. 

2 

2 


tt 
If 


3  mm. 

8 

3 


t) 
tf 


4  mm. 
4 

4 


SteMk 
voiuge. 

Indactanoe 

in 
oentloMties 

=:L. 

4600 
»» 

5,000 
10,000 
15,000 

8100 

5,000 
10.000 
15,000 

11,400 

9t 
t* 

5,000 
10,000 
15,000 

14,500 

5,000 
10,000 
15,000 

Obserred 

osdlUUon 

oonatanlof 

circuit 


2*55 
8-65 


2-60 
8-69 

4-52 


2-70 
8-77 
4-60 


2-72 
8-81 
4-71 


CalcQlttted  capacity  of 
Jar  In  mlerofarada. 


0001800 
0001882 

mean  =  0*001816 


0001852 

0001861 

0001862 

mean  »  0*001358 


Fnqueiaieyot 
oflcillattona  used 


:=R. 


1*98  X  10« 
1-88  X  10« 


0*001458 

0001421 

0001411 

mean  =  0*001480 


0*001480 

0001451 

0001479 

mean  =  0*001470 


1*94  X  10* 
1-36  X  10- 
112  X  Kf 


1*85  X  Kf 
1*84  X  10« 
110  X  10- 


1*84  X  10« 
1-32  X  10« 
1*07  X  10* 


The  capacity  of  the  same  jar  measured  with  low  frequency  ?i  = 
100 is  0001263  mfds. 

In  this  case  the  jar  was  not  immersed  in  oil,  and  the  difference 
shown    between    the    high    frequency    measurements    are    largely 

P 
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dependent  upon  the  different  charging  voltages  used  and  irregularitieB 
in  the  break  of  the  induction  coil. 

9.  Variation  of  Dieleotrio  Constant  witli  Tempepatore  and 
Time  of  Charge. — Dielectric  constants  are  much  affected  (i.)  by  the 
temperature  of  the  insulator,  (ii.)  by  the  charging  voltage,  and  (iii.)  by 
the  mode  and  time  of  its  application,  viz.  whether  steady  or  reversed, 
and  if  reversed,  on  the  speed  of  frequency  of  the  reversals. 

Just  as  the  bending,  twisting,  or  strain  of  an  imperfectly  elastic  or 
semi-viscous  solid  under  stress  depends  upon  the  temperature,  stress, 
and  mode  of  application  of  the  stress,  so  is  it  in  the  electrical  case. 
The  lower  the  temperature,  the  shorter  the  time  of  application  of  the 
electric  force,  the  smaller,  generally  speaking,  do  we  find  the  value 
of  the  dielectric  constant.  Observers,  however,  have  not  been  always 
careful  to  define  the  manner  in  which  their  experiments  have  been 
conducted,  and  hence  we  find  great  differences  between  the  recorded 
values  of  the  dielectric  constant  assigned  to  any  one  substance. 

For  a  very  large  number  of  solid  insulators  the  dielectric  constant 
is  approximately  equal  to  2'6  times  the  density.  When,  however,  we 
examine  various  solvents,  such  as  water,  alcohol,  glycerine,  nitro- 
benzol,  etc.,  we  find  that  the  introduction  into  a  chemical  molecule  of 
certain  radicles  or  atomic  groups,  such  as  hydroxyl  (HO),  nitryl  (NO), 
and  ammonyr(Nn2)  has  the  effect  of  creating  at  normal  temperatures 
abnormally  large  dielectric  constants.  Thus  the  dielectric  constant  of 
pure  water  at  ordinary  temperatures  is  about  80,  and  that  of  ethylic 
alcohol  is  25.  Chemically  speaking,  water  is  a  hydrate  of  hydrogen, 
H(HO),  and  alcohol  is  ethyUc  hydrate,  C2H5(HO). 

The  discovery  was,  however,  made  by  Sir  James  Dewar  and  the 
author,  working  together,  that  extremely  low  temperatures,  such  as 
that  of  liquid  air,  had  the  effect  of  greatly  reducing  these  abnormally 
large  dielectric  constants. 

As  regards  temperature  change,  with  few  exceptions,  we  can  say 
that  decrease  of  temperature  decreases  the  dielectric  constant.  Also 
that  decrease  in  the  time  of  charging  or  application  of  the  electric 
force  decreases  dielectric  constant.  This  is  well  shown  by  a  series  of 
observations  by  MM.  J.  Curie  and  P.  Oompan.*»  They  measured  the 
dielectric  constant  of  three  samples  of  crown  glass  in  the  form  of  sheet 
at  temperatures  between  13°  C.  and  that  of  hquid  air  — 185°  C,  and 
for  various  times  of  charging  from  10  seconds  to  0*05  of  a  second,  and 
the  results  are  tabulated  below. 


DiEiiBormc  Constant  of 

Grown  Glass  as  affbgted  by  Tempebatubb  and 
Time  of  Ghaboing. 

Duration  of 
charge  in  seconds. 

TemperatitTe, 
13°  C. 

Temperatare, 
(IPC. 

Temperatore,   <  Temperature, 
-19"C.        1        -75°  C. 

Temperatare, 
-186°  0. 

10 
1 

0-1 
0-05 

11-26 
9-82 
8-04 
7-85 

9-47 
8-44 
7-75 
7-60 

8-44 
7-81 
7-42 
7-86 

7-09 
7-09 
7-09 
7-09 

6*49 
6-49 
6-49 
6-49 

**  See  Comptes  RendttSy  June,  1902,  vol.  184,  p.  1295,  **  Sur  le  pourvoir  Indue- 
teur  Sp^cifique  des  di^leotriques  aux  basses  Temperatures.'* 
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In  the  above  case  the  variation  of  the  dielectric  constant  (E)  with 
temperature  can  be  expressed  by  a  simple  linear  formula — 

where  E^  is  the  dielectric  constant  at  absolute  zero,  T  is  the  absolute 
temperature,  and  A  is  a  constant.  For  three  samples  of  crown  glass, 
Curie  and  Compan  is  found — 

E«.  A. 

6-08 000624 

6-88 000520 

6-24 0-00686 

Similar  results  were  found  with  ebonite,  mica,  and  quartz. 

It  is  evident,  therefore,  that  the  variation  of  dielectric  constant 
(D.G.)  with  time  of  charging  disappears  at  very  low  temperatures. 
An  extensive  series  of  experiments  on  the  dielectric  constants  of 
various  bodies  at  very  low  temperatures  was  carried  out  by  Sir  James 
Dewar  and  the  author  in  1896  and  1897,  the  results  of  which  were 
published  in  the  Proceedings  of  the  Royal  Society  of  London,  The 
following  is  a  list  of  the  pubUshed  papers : — 

(1)  **  On  the  Dielectric  Constant  of  Liquid  Oxygen  and  Liquid  Air,*'  Proc,  Boy. 
Soc.,  Tol.  60,  p.  360. 

(2)  '*  Note  on  the  Dielectric  Constant  of  Ice  and  Alcohol  at  very  Low  Tempera- 
tures," Proc.  Boy.  Soc.,  vol.  61,  p.  2. 

(8)  **  On  the  Dielectric  Constants  of  Pure  Ice,  Glycerine,  Nitrobenzol,  and 
Ethylene  Di bromide  at  and  above  the  Temperature  of  Liquid  Air,'*  Proc.  Boy. 
Soc.,  vol.  61,  p.  316. 

(4)  "  On  the  Dielectric  Constant  of  Certain  Frozen  Electrolytes  at  and  above 
the  Temperature  of  Liquid  Air,"  Proc.  Boy.  Soc.,  vol.  61,  p.  299.  This  paper 
describes  the  cone  condenser  and  methods  used. 

(5)  "  Further  Observations  on  the  Dielectric  Constants  of  Frozen  Electrolytes 
at  and  above  the  Temperature  of  Liquid  Air,"  Proc.  Boy,  Soc.,  vol.  61,  p.  381. 

(6)  **  The  Dielectric  Constants  of  Certain  Organic  Bodies  at  and  below  the 
Temperature  of  Liquid  Air,"  Proe.  Bay.  Soc.,  vol.  61,  p.  868. 

(7)  **  On  the  Dielectric  Constants  of  Metallic  Oxides  dissolved  or  suspended  in 
Ice  cooled  to  the  Temperature  of  Liquid  Air,"  Proc,  Boy.  Soc.,  vol.  61,  p.  868. 

(8)  **  A  Note  on  some  Further  Determinations  of  the  Dielectric  Constants  of 
Organic  Bodies  and  Electrolytes  at  very  Low  Temperatures,"  Proc.  Boy.  Soc., 
vol.  62,  p.  250. 

The  general  results  of  all  these  observations  was  to  show  that 
reduction  of  temperature  lowered  the  dielectric  constant,  in  some  cases 
in  a  very  marked  degree.  Also  they  showed  that  the  result  of  increas- 
ing the  frequency  when  using  an  alternating  electromotive  force  was 
to  reduce  the  dielectric  constant,  in  some  instances  in  the  most 
marked  manner,  but  in  other  cases  hardly  at  all. 

In  a  later  chapter  we  shall  discuss  the  relation  between  dielectric 
constant  and  optical  refractive  index,  known  as  Maxwell's  law. 
According  to  this  law  the  dielectric  constant  K  should  be  numerically 
equal  to  the  square  of  the  refractive  index,  fjfi,  in  those  cases  in  which 
the  magnetic  permeability  is  equal  to  that  of  air.  If,  however,  we 
take  /I  to  be  the  optical  refractive  index,  then  exceptions  are  far  more 
numerous  than  the  coincidences  with  the  law. 

The  great  majority  of  liquid  and  solid  dielectrics  at  ordinary 
temperatures  do  not  obey  Maxwell's  law,  but  it  was  shown  by  the 
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investigations  of  the  above-named  authors  that  when  cooled  to  very 
low  temperatures  the  abnormally  large  values  of  some  dielectric  con- 
stants disappeared  and  are  brought  into  much  closer  agreement  with 
the  square  of  the  optical  refractive  index.  The  following  table  shows 
some  of  the  results  obtained  by  Fleming  and  Dewar : — 


DIBLBCTBIC  UONBTAHT8  (K) 

AT  DIFFEBBNT  1 

'EMPEBATUBBS  TAKEN  WITH  ALTEB< 

NATIKQ   ElBCTBIG  FoBCB  HAVING 

A  Fbbquengy  of  120. 

1 
Subttanoe. 

K  at  16°  C. 

K  at  -186°  C. 

Square  of  optical 
refhu^ye  index. 

Water 

80 

2-4  to  2-9 

1-779  for  D  line 

Formic  aoid     .... 

62 

2-41 

— 

Glycerine 

56 

8-2 

— 

Methyl  alcohol     .     .     . 

84 

818 

Mononitrobenzol  . 

82 

2-6 

Ethyl  alcohol  .... 

25-8 

811 

1-881 

Acetone 

21-86 

2-62 

Ethyl  nitrate  .... 

17-72 

2-72 

Amyl  alcohol  .... 

16-0 

214 

1-961 

Aniline 

7-51 

2-92 

m^ 

Castor  oil 

4-78 

214 

2158 

EthyUc  ether .      .     .      .' 

4-25 

2-81 

1-806 

OUye  oil 

816 

218 

2-181 

Carbon  bisulphide     .     . 
Petroleum  oil ...     . 

2-67 

2-24 

2-01 

2-07 

2-076 

Turpentine       .... 

2-28 

, 

2128 

Benzol 

2-88 

2-26 

B.  B.  Turner  determined  with  great  care  the  dielectric  constants 
of  certain  pure  liquids,  which  ax^  given  in  the  tahle  below  and  agree 
fairly  well  with  .those  in  the  preceding  table.^o 

m 

Salwtance.  Oielectric  oonstant  K  at  18^  C. 

Water 81-07 

Nitrobensol 86-46 

Orthonitrotoluol 27*71 

Ethyl  chloride 1090 

Aniline 7*298 

Ether 4«867 

Metaxylol 2-876 

Benzol 2-288 

The  values  obtained  for  the  dielectric  constants  of  various  well- 
known  soHd  insulators  differ  very  much,  but  the  following  table  gives 
some  accepted  values : — 


^^  Soe  Zeitsehrift  far  Phys,  und  Chem,,  1900,  vol.  86,  p.  886;  also  Science 
AbstractSy  vol.  4,  p.  508. 
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DlSLBOTBIO  GONBTANTS 

OF  Various  Solid  Isbulatobs. 

SubtUnce. 

Dielectric  oonetant  K  et 
16°  0. 

Square  of  optleal  ladez 
ofreftictionfi. 

Flint  glass  (dense) 

„    (light)     .     . 

Crown  „    (hard) 

Oaloite 

Fluorspar 

Mioa 

101 

6-67 

6-96 

7-7 

6-7 

6-64 

6-06 

6-86 

4-65 
2-9  to  4*0 
2-7  to  8-0 
2-05  to  816 

212 

2-69 
2-0  to  2-8 

2-924 
2-876 

2-784  A 

2-06 

2-626 

Tourmaline 

Book  salt 

Quartz 

Sulphur 

SheUao 

Ebonite 

Indiarubber  Tpure  brown)  .     .     . 

„          (vuloanimd)    .     .     . 

Paraffin  wax 

2-68 
286 
2-41 
4-89  B 

Values  given  for  the  dielectric  constant  of  various  substances  by 
different  observers  differ  considerably,  and  as  the  circumstances  of  the 
measurement  with  respect  to  the  time  of  charging  and  the  electric 
force  used  have  not  been  identical,  we  cannot  consider  the  so-called 
«  constant "  as  more  than  an  exceedingly  rough  guide  in  the  predeter- 
mination of  capacity.  Particularly  is  this  the  case  with  regard  to 
glass.  This  materisJ  is  of  very  variable  composition,  and  its  dielectric 
constant,  according  to  some  observers,  varies  very  much  with  the 
time  of  charging.  Hence,  caution  must  be  taken  not  to  apply  indis- 
criminately the  results  of  low  frequency  dielectric  measurements  in 
high  frequency  work. 

M.  V.  Hoor  has  carried  out  investigations  on  the  effect  of  variation 
in  the  electric  force  employed  on  the  resulting  measured  dielectric 
constant.  The  electric  force  was  measured  in  volts  per  centimetre  of 
thickness,  that  is,  by  dividing  the  charging  voltage  by  the  thickness 
of  the  dielectric.  The  results  for  some  dielectrics  are  given 
below  51 : — 


Vabiation 

OF  DiELBCTBIC   CONSTANT  WITH   ELVCTBIC  FOBCE. 

Snbetanoe. 

Electric  force  in  Tolto 
per  oentlmetre. 

Dielectric  constant. 

Paraffined  paper       .... 

66-6 

8-66 

If             *i     • 

■              •              *              •              « 

0-628 

8-68 

Crown  glass,  No.  1  . 

22-9 

10-7 

>»          It         It 

4-46 

12-8 

Crown  glass,  No.  2  . 

27-2 

6-92 

It         It         II 

1-087 

722 

Guttapercha  .     .     . 

41-000 

8166 

i»         ... 

0-491 

8-26 

Megohmit      .     .     . 

6-96 

6-09 

It              ... 

0-286 

6-81 

*^  See  EUkirotechnUche  Zeilschriflj  vol.  22,  p.  716 ;  or  Science  Abatracta,  vol.  v. 
p.  32. 
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It  will  be  seen  that  there  is  a  considerable  variation  in  the  case  of 
glass,  the  dielectric  constant  increasing  as  the  electric  force  diminishes. 
In  connection  with  this,  it  is  worth  while  to  note  that  the  variation  of 
conductivity  in  dielectrics  is  in  the  same  direction.  It  has  been  found 
that  for  most  insulators  the  insulation  resistance  decreases  as  the 
applied  electromotive  force  increases.^^' 

In  these  respects  glass  has  a  disadvantage  as  a  dielectric  compared 
with  ebonite,  as  far  as  its  use  with  high  frequency  currents  is 
concerned. 

Another  very  important  cause  of  variation  in  dielectric  constant  is 
the  frequency  of  electric  force.  It  is  evident  we  may  take  the  ratio  of 
electric  displacement  to  electric  force  either  with  a  steady  electric 
force,  uniformly  acting  in  one  direction,  or  with  a  periodically  reversed 
electric  force,  having  any  assigned  frequency.  In  the  case  of  some 
dielectrics,  such  as  ebonite  or  sulphur,  there  is  usually  said  to  be  very 
little  difference  between  the  dielectric  constant  found  with  low  fre- 
quency alternating  electric  force  and  that  under  high  frequency  electric 
force.  On  the  other  hand,  with  glass  there  is  said  to  be  a  very  marked 
difference,  according  to  the  experiments  of  many  observers,  with  the 
exception,  however,  of  Pollock  and  Vonwiller,  who  deny  that  glass 
exhibits  any  very  marked  variation  of  dielectric  constant  with  fre- 
quency. This  was  confirmed  by  Dr.  J.  Hopkinson  and  Professor  E. 
Wilson,  who  say  that  the  dielectric  constant  of  English  light  flint  glass 
is  constant  for  low  frequencies  and  up  to  a  frequency  n  =  2  X  10® 
(see  Phil.  Trans.  Roy,  Soc,  Lond.,  1897,  vol.  189,  p.  109). 

The  author  has,  however,  found  that  both  glass  and  ebonite  give 
evidence  of  a  decrease  in  dielectric  constant  with  frequency,  and  that 
only  liquid  hydrocarbons  can  be  considered  as  having  a  dielectric 
constant  independent  of  the  frequency. 

It  has  been  found,  both  by  Professor  Sir  J.  J.  Thomson  and  by 
M.  B.  Blondlot,  that  at  a  frequency  of  25  X  10®  the  dielectric  constant 
of  glass  has  a  value  as  low  as  2*7  or  2-8.  For  a  low  frequency  of 
steady  force,  the  value,  as  shown  by  the  tables  already  given,  is  from 
7  to  10.58 

Again,  all  observers  who  have  determined  the  dielectric  constant 
of  water  or  ice  with  low  frequency  force,  say  between  1  and  200 
alternations  of  electric  force  per  second,  have  found  a  value  for  the 
dielectric  constant  not  far  from  80. 

If,  however,  the  dielectric  constant  of  ice  is  determined  at  —186°  C. 
with  a  frequency  of  120/w,  then  its  dielectric  constant  is  found  to  be 
about  2-4  to  2*9.  In  some  cases,  such  as  ethylic  alcohol,  a  very 
moderate  increase  in  the  frequency  suffices  to  sensibly  reduce  the 
dielectric  constant. 

It  has  been  pointed  out  by  Fleming  and  Dewar  that  reduction  of 
temperature,  even  when  operating  with  low  frequency  alternation  of 

'^'  See  A.  W.  Ashton,  **  On  the  Resistance  of  Dielectrics  and  on  the  ESeot  of 
an  Alternating  Electromotive  Force  on  the  Insulating  Properties  of  Indiarubber," 
Phil,  Mag,,  1§01,  ser.  6.  vol.  2,  p.  601. 

"  See  Prof.  Sir  J.  J.  Thomson,  Proc,  Boy,  Soc,,  1889,  vol.  46,  p.  298,  "  On 
Specific  Inductive  Capacities  of  Dielectrics  under  Rapidly  Alternating  Electro- 
motive Force " ;  also  M.  R.  Blondlot,  Comptes  Bendus,  1891,  vol.  112,  p.  1058. 
Compare,  however,  with  Pollock  and  Vonwiller,  Phil,  Mag,j  1902,  ser.  6,  vol.  8, 
p.  586. 
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electric  force,  has  the  same  effect  as  an  increase  of  frequency  alone 
at  constant  ordinary  temperature  in  reducing  the  abnormally  large 
dielectric  constants  of  certain  bodies  to  a  value  more  in  accordance 
with  Maxwell's  law. 

For  these  reasons,  therefore,  glass  is  a  dielectric  not  very  suitable 
for  making  condensers  to  be  employed  in  exact  scientific  work  with 
high  frequency  currents. 

Its  cheapness,  however,  and  other  good  electrical  and  mechanical 
qualities,  make  it  a  very  convenient  substance  to  use  for  commercial 
work. 

10.  CondnotiYity  and  Energy  Losses  in  Dieleotrios,— The 

conductivity  of,  and  dissipation  of  energy  in  dielectrics  is  a  subject 
to  which  great  attention  has  been  paid  of  late  years.  Every  so-called 
insulator  or  dielectric  possesses  in  some  degree  true  conductivity  for 
electricity  which  is  a  cause  of  energy  dissipation  in  it  when  it  is 
subjected  to  electromotive  force.  When  the  force  is  alternating  there 
is  an  additional  dissipation  of  energy  said  to  be  due  to  dieUctric 
hf/steresis. 

This  last  term  has,  however,  been  often  used  rather  as  a  cloak 
for  ignorance  than  with  a  precisely  defined  meaning. 

In  the  case  of  a  perfect  dielectric  used  as  the  insulator  of  a  condenser 
there  should  be  no  internal  dissipation  of  energy  by  charge  and  dis- 
charge. If  the  alternating  electromotive  force  is  sinoidal,  then  the 
capacity  current  should  be  also  of  the  same  wave  form  and  90  degrees 
different  in  phase,  the  current  being  in  advance  of  the  electromotive 
force.  The  power  factor,  or  cosine  of  the  angle  of  phase  difference, 
should  therefore  be  zero.  As  a  matter  of  fact,  in  the  case  of  most 
actual  condensers  the  power  factor  is  not  zero,  and  when  subjected 
to  alternating  electromotive  force  they  rise  in  temperature,  and  this 
points  to  some  internal  cause  of  energy  dissipation  in  the  dielectric. 

With  respect  to  the  measurement  of  dielectric  conductivity  it  has 
been  the  custom  to  apply  a  steady  unidirectional  electromotive  force 
to  a  condenser  for  a  cer^in  time,  say  one  minute,  and  then  to  call 
the  ratio  of  this  applied  voltage  to  the  resulting  current  flowing  at 
the  end  of  the  minute  the  "  insulation  resistance  "  of  the  dielectric. 
Although  such  a  figure  may  have  a  certain  commercial  value  for 
cable  manufacturers  it  has  no  definite  scientific  meaning.  The  appli- 
cation of  an  E.M.F.  to  a  dielectric  results  in  the  production  of  a  true 
current  if  conduction  through  it  superimpoAed  upon  a  so-called  dis- 
placement current.     Both  of  these  increase  with  time  of  application. 

The  former  may  be  defined  as  a  non-recoverable  flow  of  electricity 
through  the  dielectric,  and  the  latter  as  a  flow  which  reverses  after  a 
time,  if  the  E.M.F.  is  withdrawn  and  the  condenser  electrodes  short- 
circuited.  If  we  call  movement  of  electricity  positive  when  in  one 
direction  and  negative  when  in  the  opposite  diroction  across  a  plane 
in  the  dielectric  perpendicular  to  the  flow,  then  we  may  say  that  as 
regards  the  displacement  current  the  algebraic  sum  of  the  movement 
is  zero  after  a  sufficiently  long  time,  if  the  electromotive  force  is 
apptied,  removed,  and  the  electrodes  of  the  condenser  then  short- 
circuited  If  the  electromotive  force  is  an  alternating  or  periodic 
force  then  the  phenomena  become  more  complicated.  There  is  an 
energy  waste  or  dissipation  depending  upon  a  true  conductivity  of  the 
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dielectric,  and  there  may  also  be  an  energy  loss  depending  on  the  fact 
that  there  is  a  difference  of  phase  between  the  electric  force  and  the 
displacement  over  and  above  that  difference  depending  on  the  true 
conductivity.^* 

Part  or  all  of  the  true  resistance  loss  may  depend  upon  the 
presence  of  water  in  the  dielectric  if  this  substance  is  fibrous  in 
structure  and  hygroscopic  or  treated  with  water  in  process  of 
manufacture 

One  of  the  chief  additions  to  our  knowledge  of  the  properties  of 
dielectrics  which  has  been  made  of  recent  years  is  the  proof  that  the 
conductivity  of  a  dielectric,  even  such  substances  as  glass  or  cellur 
loid,  which  are  non-hygroscopic,  is  or  may  be  very  much  greater  for 
alternating  than  for  unidirectional  electromotive  force.  Hence  no 
measurements  made  with  direct  currents  will  tell  us  the  conductivity 
of  a  dielectric  for  alternating  currents.  This  distinction  is  very 
important  when  we  are  dealing  with  very  high  frequency  currents. 

By  far  the  simplest  mode  of  regarding  the  phenomenon  in  the 
case  of  simple  periodic  electromotive  forces  is  to  call  the  total  current 
through  a  dielectric  under  the  action  of  a  given  electric  force  the 
dielectric  flvx.  If  the  electric  force  is  sinoidal  or  a  simple  sine  function 
of  the  time  then  the  electric  flux  is  a  similar  function,  but  is  out  of 
phase  with  the  force.  The  total  flux  can  therefore  be  resolved  into 
two  components,  one  which  is  step  with  the  force  and  one  which  is 
90°  in  advance  of  it  in  phase. 

The  latter  results  in  a  current  or  movement  of  electricity  which 
may  be  called  the  capacity  current  or  true  dielectric  current,  the 
former  results  in  a  current  which  may  be  called  the  conduction 
current.  The  latter,  therefore,  dissipates  energy,  but  the  capacity 
current  does  not. 

The  capacity  current  is  measured  by  the  product  of  the  capacity 
of  the  condenser,  and  the  time  rate  of  change  of  the  applied  electro- 
motive force  or  potential  difference  of  the  condenser  electrodes.  The 
conduction  current  is  measured  by  the  product  of  the  conductance  of 
the  condenser  and  the  P.D.  of  the  electrodes. 

If  we  call  G  the  capacity  and  S  the  conductance  of  the  condenser 
and  Y  the  potential  difference  of  the  electrodes,  and  if  jt?  =  29r  times 
the  frequency ;  then  the  total  current  through  the  condenser  is  given 
^y  (^  +.JpC)V,  where  J  is  the  sign  of  perpendicularity  and  equivalent 
to  V^. 

The  quantity  S  +jf)7C  is  called  the  admittance  and  its  reciprocal 
(S+j^C)-^  is  called  the  impedance  of  the  condenser.  If  a-  is  the 
conductivity  per  centimetre  cube  between  opposed  faces,  then  for  a 
plane  sheet  condenser  S  =  Aa-fl  and  C  =  AK/47rZ,  where  A  is  the 
area  of  cross-section  and  I  the  thickness  of  the  dielectric.  Hence 
the  admittance  per  cm.  cube  is  (r'-{-^K/4iiT.    The  ratio  S/Op  is  the 

'^*  For  a  risumi  of  knowledge  on  the  subject  of  energy  losses  in  dielectrics  up 
to  1895  the  reader  is  referred  to  a  Paper  by  P.  Gasnier  in  The  Electrician,  vol.  36, 
p.  7,  November  1,  1896.  In  Winkelmann*s  Handbuch  der  Physik,  2nd  Ed., 
vol.  4,  part  i.  p.  77,  will  be  found  a  section  by  L.  Graetz  on  the  properties  of 
dielectrics  which  by  the  aid  of  a  list  of  original  papers  brings  information  down 
to  1902.  In  a  Paper  by  Mr.  E.  H.  Rayner  on  High  Voltage  Tests  and  Energy 
Losses  in  Insulating  Materials  a  further  list  of  original  papers  on  this  subject  is 
given.     See  Journal  Inst.  Elec.  Eng.,  vol.  49,  p.  3, 1912. 
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cotangent  of  the  angle  of  phase  difference  of  the  impressed  voltage 
and  total  current,  and  when  this  angle  is  nearly  90°  the  cotangent  is 
equal  to  the  cosine.  Hence  8/0;?  measures  the  power  factor  of  the  con- 
denser. The  quantity  o-,  called  the  dielectric  conductivity,  is  found 
to  he  a  function  of  the  frequency  when  periodic  electric  forces  are 
employed. 

The  hest  method  of  measuring  the  quantities  S  and  G  for  a  given 
plate  condenser,  and  therefore  of  determining  <t  and  K  for  a  given 
sample  of  dielectric  at  a  given  temperature  and  frequency,  is  by  a 
bridge  arrangement  as  devised  by  the  Author  and  Mr.  Dyke,  which 
is  a  modification  of  a  method  due  to  M.  Wien.(^^ 

This  arrangement,  called  a  capacity  bridge,  enables  us  to  separate 
out  and  measure  the  true  capacity  and  true  conductivity  for  any 
condenser  when  employing  alternating  electromotive  force  of  simple 


Fia.  32. — Fleming  and  Dyke  Capacity  Bridge. 


sine  wave  form  and  any  frequency.  This  method  is  as  follows :  A 
Wheatstone's  bridge  is  made  up,  two  of  the  ratio  arms  consisting 
of  two  air  condensers,  G3  and  G4,  of  variable  capacity  and  negligible 
conductance.  The  two  other  arms  are  filled  in,  one  with  a  similar 
air  condenser,  G21  in  series  with  a  variable  non-inductive  resistance, 
B2,  and  the  other  with  the  leaky  condenser  G  formed  with  the  con- 
ductive dielectric  as  insulator  (see  Fig.  32).  The  conductivity  of 
this  last  dielectric  is  represented  as  due  to  a  conductance  S  in  parallel 
with  a  condenser  of  capacity  G. 

The  bridge  circuit  contains  a  telephone  and  the  bridge  must  be 

^  See  J.  A.  Fleming  and  G.  6.  Dyke, "  On  the  Power  Factor  and  Gondactivity 
of  Dielectrics  when  tested  with  Alternating  Electric  Currents  of  Telephonic 
Frequency  at  Yarious  Temperatures."  Journal  Inst,  Elec.  Eng.y  London,  vol.  49, 
p.323.  1912.    Also  M.  Wien,  Wled,  Ann,  der  Physik,  vol.  44,  p.  689,  1891. 
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supplied  with  an  alternating  current  of  pure  sine  form.^*  The  con- 
dition which  must  he  fulfilled  that  there  may  he  no  sound  in  the 
telephone  is  that  the  impedances  of  the  four  arms  of  the  bridge  must 
be  in  proportion.  The  impedance  of  the  leaky  condenser  or  shunted 
condenser  0  is  (S  +J!pC)~S  under  simple  periodic  currents  of  fre- 
quency n  =p/2Tr.    The  impedance  of  the  condenser  O2  in  series  with 

the  resistance  E2  is  E2  —-Fr~~^  &^^  ^^^  impedances  of  the  condensers 

Cg  and  O4  are  — j/Gop  and  —jlO^p  respectively.  Hence  the  four 
being  in  proportion  we  have 


(r2--^)(S+^).C)  =  03/04.     .     .     .     (100) 


pG 
Equating  real  and  imaginary  parts  we  have 

^=i'C2R, (101) 

The  solution  of  these  equations  gives  us  the  separate  values  of 
S  and  0  in  terms  of  O2,  O3,  O4,  and  B2,  when  we  know  the  pulsa- 
tion p. 

We  can  therefore  determine  the  capacity  and  conductance  of  a 
plate  form  of  condenser  made  up  with  any  dielectric  for  alternations 
of  any  frequency. 

In  the  investigation  by  the  Author  and  Mr.  Dyke  a  very  extensive 
series  of  measurements  was  made  with  all  ordinary  dielectrics  at 
various  temperatures,  and  for  frequencies  between  800  and  5000 
covering  the  range  of  ordinary  telephony.  The  result  was  to  show 
that  the  conductivity  of  dielectrics  for  alternating  currents  is  a 
function  of  the  frequency. 

For  a  number  of  them  the  conductivity  (cr)  per  centimetre  cube 
can  be  represented  as  a  hnear  function  of  the  frequency  n  of  the 
form  (r^=a'\-hn  where  a  and  h  are  constants. 

In  many  cases  the  hnes  are  not  quite  straight  and  an  additional 
term  has  to  be  added,  so  that  (r^^a-^-hn-^-cn!^  more  nearly  repre- 
sents the  function.  The  conductivity  curves  in  terms  of  frequency 
for  glass  and  ebonite  are  shown  in  Figs.  33  and  34.  The  conductivity 
of  dielectrics  is,  therefore,  quite  different  under  alternating  and  under 
continuous  electromotive  force.  This  investigation  was  continued  for 
much  higher  frequencies  by  Dr.  G.  E.  Bairsto  in  1911-191 4  in  a  long 
research  carried  out  in  the  Pender  Electrical  Laboratory,  University 
Oollege,  London,  at  the  Author's  suggestion. 

The  results  show  that  in  the  case  of  most  imperfect  dielectrics, 
such  as  slate,  marble,  chalk,  and  also  in  the  case  of  guttapercha  and 
indiarubber,  there  is  a  certain  frequency  for  which  this  alternating 
current's  conductivity  is  a  maximum. ^7 

'*  For  instructions  as  to  the  mode  of  obtaining  and  testing  snch  a  pure  sine 
form  E.M.F.  the  original  Paper  (loc.  dt,)  must  be  consulted. 
»'  G.  E.  Bairsto,  Thesis  for  D.Sc.  degree  Univ.  of  Lond.,  1914. 
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The  conductivity  of  these  insulators  is  best  represented  in  Bimhos 
per  centimetre  cube,  which  means  in  billionths  of  a  mho,  and  this 
unit  is  a  conductivity  equal  to  that  of  a  million  megohms. 


Fio.  33.— Curves  ahowing  the  Variation  in  Conductivity  of  Crown  Glass  for 

various  Frequencies  and  Temperatures. 

The  alternating  current  conductivity  of  such  a  substance  as  slate 
for  alternations  of  one  or  two  millions  a  second  may  be  hundreds  or 
thousands  of  times  greater  than  its  true  direct  current  conductivity. 


f«00 


FrtfiMocy 

Fio.  34. — Curves  showing  the  Variation  in  Conductivity  of  Ebonite  for  various 

Frequencies  and  Temperatures. 

As  an  example  of  the  maximum  values  obtained  with  high 
frequency  currents,  we  may  give  the  following  figures  from  Dr 
Bairsto's  results : — 
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Dielectric 

MAximam  ooDdncUviiy 
in  Bimhos  per  centi- 
metre cabe  At  16°  C. 

Frequency  at  which  this 
moziaiiim  \b  attained. 

Dry  blotting  paper 

Grown  glass 

Vulcanised  indiarubber      .     .     . 

Guttaperoha 

Marble 

Slate 

28,000 
80,000 
60,000 
40,000 
22,000 
2-6  X  10« 

600,000 
500,000 
550,000 
800,000 
1,200,000 
2,500,000 

Hence  in  dealing  with  the  prohlems  of  radiotelegraphy  in  which 
the  conductivity  of  such  imperfect  insulators  is  concerned,  a  very 
great  error  would  he  committed  in  taking  as  the  alternating  con- 
ductivity any  value  obtained  with  direct  current.  Moreover  it  is 
necessary  to  distinguish  between  true  dielectric  conductivity  and  that 
due  to  the  presence  of  moisture  in  fibrous  dielectrics. 

It  has  been  shown  by  the  Author  and  Mr.  Dyke  by  experiments 
with  alternating  currents,  and  by  Mr.  S.  Evershed  by  experiments 
made  with  continuous  currents,  that  a  large  part  of  the  conductivity 
in  the  case  of  paper,  and  other  such  fibrous  or  porous  dielectrics  is 
due  to  moisture  contained  in  them.^  In  spite  of  all  the  labour 
bestowed  upon  the  investigation  of  the  properties  of  dielectrics  it  can 
hardly  be  said  that  the  sources  of  the  dissipation  of  energy  in  them 
are  tnoroughly  understood.  The  important  matter  for  the  radio- 
telegraphist  is. that  there  are  these  sources  of  internal  energy  waste 
in  dielectrics.  Hence  when  a  condenser  is  constructed  with  them  and 
charged  or  discharged  with  free  oscillations,  a  part  of  the  energy 
stored  up  in  the  condenser  is  dissipated  as  heat  in  the  dielectric. 

This  causes  the  oscillations  to  be  more  quickly  damped  out  or 
die  away  than  they  would  otherwise  be. 

It  becomes  important,  therefore,  to  test  condensers  such  as 
Leyden  jars  or  condensers  made  with  glass  or  ebonite  plates  for 
energy  loss,  and  this  may  be  stated  in  watts  for  a  known  condenser 
current  by  determining  the  equivalent  resistance  of  the  condenser. 

These  losses  are  in  general  too  small  to  be  determined  directly  by 
any  form  of  Wattmeter,  but  the  following  method  due  to  the  Author 
has  been  successfully  applied.^® 

The  condenser  to  be  tested  is  joined  up  in  series  with  a  circuit  con- 
sisting of  a  copper  wire  of  known  diameter  and  resistance  wound  on  a 
square  frame  so  that  its  high-frequency  resistance  can  be  calculated,  and 
its  inductance  measured.  This  circuit  forms  a  non-radiative  or  feebly 
radiative  circuit,  hence  if  free  oscillations  are  set  up  in  this  circuit  they 
are  damped  out  by  resistance  and  condenser  losses  only.  In  circuit  is 
also  inserted  a  hot  wire  ammeter  of  the  kind  described  in  the  following 
section  of  this   chapter  as   suitable  for  measuring  high-frequency 

'^*  See  S.  Evershed,  *'  The  Characteristics  of  Insulation  Resistance,"  Journal 
Inst.  Elec.  Eng.,  Lond.^  vol.  52,  p.  61,  1918. 

*»  Soe  J.  A.  Fleming  and  G.  B.  Dyke,  "  The  Measurement  of  the  Energy 
Losses  in  Condensers  traversed  by  High  Frequency  Oscillations,"  Proc,  Phys. 
Soc.,  Lond.,  vol.  23,  p.  117, 1911. 
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currents,  and  the  circuit  is  interrupted  also  by  a  pair  of  mercury 
cups  so  that  various  short-wire  resistaaces  can  be  inserted  into  the 
circuit  to  vary  its  resistance  by  a  known  amount  without  sensibly 
altering  its  inductance.  This  condenser  circuit,  which  will  be  called 
the  secondary  circuit,  is  placed  in  contiguity  to  another  primary 
circuit  in  which  highly-damped  oscillations  are  set  up  by  means  of 
an  impact  discharger.  The  primary  circuits  consist  of  a  square 
circuit  of  one  or  two  turns  of  wire  of  the  same  size  as  the  secondary 
circuit,  having  in  series  with  it  one  or  two  Leyden  jars  and  an  impact 
discharger. 

This  discharger  is  described  in  a  later  chapter  of  this  book,  and  is 
a  means  of  producing  what  is  called  a  quenched  spark  or  a  spark  or 
condenser  discharge  which  is  suddenly  interrupted,  the  circuit  being 
almost  immediately  opened  after  the  initial  oscillation  (see  Chap. 
IIL  §  16).  If,  then,  such  a  discharger  is  used  in  the  primary  circuit, 
the  oscillations  in  that  circuit  are  highly  damped  and  practically  the 
discharge  is  non-oscillatory.  On  the  other  hand,  the  effect  on  the 
secondary  circuit  is  to  set  up  in  the  latter  its  free  vibrations.  As 
there  are  an  enormous  number  of  sparks  per  second,  we  obtain  very 
steady  feebly  damped  oscillations  in  the  secondary  circuit. 

Suppose,  then,  we  measure  the  B.M.S.  value  of  the  current  in  the 
secondary  circuit,  we  have  four  causes  for  the  damping  out  of  the 
free  oscillations  taking  place  in  that  circuit.     These  are  as  follows : — 

(1)  The  high-frequency  resistance  B'  of  the  square  circuit,  which 
can  be  calculated  from  the  dimensions  of  the  wire  and  from  the 
frequency,  which  last  can  be  experimentally  determined. 

(2)  The  high-frequency  resistance  of  the  interpolated  resistance  r, 
which  is  also  known. 

(3)  The  resistance  of  the  ammeter  /. 

(4)  The  unknown  source  of  energy  loss  in  the  condenser,  which 
may  be  represented  as  due  to  a  resistance  p,  which  is  not  constant 
but  is  a  function  of  the  condenser  current.  If,  then,  A  is  the  B.M.S. 
value  of  this  current  in  the  secondary  circuit  as  read  on  the  am- 
meter, the  total  energy  loss  per  second  in  that  circuit  is  given  by 
A2(  B'  -f-  ''i  +  '^  4*  p)»  ^^^  if  *^6  inductance  of  the  circuit  is  L  and  the 
frequency  of  the  oscillations  is  n,  then  the  total  decrement  A  of  the 
circuit  is  equal  to  10®(B'  +  fi  +  ^'  4*p)/^^I^»  where  8  =  10®p/4«L  is 
that  part  of  the  decrement  contributed  by  the  condenser. 

If,  then,  we  alter  the  resistance  in  the  secondary  circuit  from  r^ 
to  r^  we  have  two  corresponding  observed  values  of  the  current,  say 
Ax  and  A2.  If  an  impact  discharger  is  used  in  the  primary  circuit, 
there  is  no  reaction  between  the  secondary  and  primary,  because  the 
primary  spark  ceases  almost  at  once,  and  hence  the  moment  the 
secondary  oscillations  begin  the  primary  circuit  is  open.  The  impact 
discharger  communicates  at  every  discharge  the  same  energy  to  the 
secondary  circuit,  and  that  energy  is  entirely  dissipated  as  heat,  hence 
we  must  have  the  equation 

A2(B'  +  ri  +  r'  -t-  p)  =  fl  constatit  =  A^B  .     .     (102) 

Accordingly,  a  curve  whose  ordinates  are  the  total  high-frequency 
resistance  K  and  the  mean  square  current  A^  is  an  equilateral  hyper- 
bola.    If,  however,  the  resistance  p  is  a  function  of  the  current,  then 
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if  we  slightly  change  the  added  resistance  r  of  the  circuit  from  one 
value  7*2  to  another  r^^  and  take  two  corresponding  readings  of  the 
current,  we  shall  have  the  following  equations : — 


or 


Ai2(R'  +  ri  +  r'  +  p)  =  A22(E'  ^-r^^-r' ^ p), 
A2V2  -  Ai^r,  -  (Ai2  -  A^^)(W  +  /) 


p.= 


Ai2  _  A22 


(103) 


The  value  of  p  is  considered  to  belong  to  the  mean  value  of  A^ 
and  A2. 

In  this  manner  we  have  been  able  to  measure  for  various  forms 
of  condenser  the  value  of  the  equivalent  resistance  p  and  of  that  part 
of  the  total  decrement  A  contributed  by  the  condenser.  The  results 
show  that  in  all  cases  this  equivalent  resistance  p  increases  with  the 
condenser  current.  The  power  W  dissipated  in  the  condenser  is 
measured  by  the  product  of  this  resistance  p  and  the  square  of  the 
corresponding  mean  current  A,  whilst  the  decrement  8  is  the  quotient 
of  !()•  X  this  resistance  by  the  quantity  4/iL,  where  n  is  the  frequency 
and  L  the  total  inductance  of  the  circuit.  In  all  cases  the  fre- 
quency of  the  oscillations  n  for  each  experiment  was  measured  by 
a  cymometer. 

It  is  clear,  from  these  observations,  that  even  in  the  case  of  air 
condensers  and  oil  condensers,  energy  losses  are  not  entirely  absent, 
whilst  for  certain  forms  of  glass  plate  condenser  this  energy  loss 
may  be  very  considerable.  It  is  best  estimated  in  microwatts  per 
centimetre  cube  of  the  dielectric. 

The  following  Tables  give  the  results  for  a  Leyden  Jar  and  Glass 
Plate  Condenser. 

Tablb  IX. 

Condenser  tested Leyden  jar. 

Capacity 0-00204  microfarad. 

Frequency 1-29  x  lO*. 

Nature  of  dielectric Glass. 

Surface  of  dielectric 634  sq.  cms. 

Thickness  of  dielectric 0*27  cnu 

Volume  of  dielectric 171  cub.  cms. 


R.M.8.  value 

Effective 

Power 

1 

Power  loe« 

B.M.S.  valoe  of 

electric  force  in 

dielectric  in 

electrostotic 

nnits. 

E. 

of  oondeoaer 

resistance  of 

dissipated  in 

Decrement 

in  condenser 

cnirent  in 

condenser  In 

condenser  in 

of  condenser. 

in  microwattd 

amperes. 
A. 

ohms. 

P 

watts. 
W. 

6 

per  C.C. 
D. 

319 

0-117 

• 

1-190 

0-00802 

6,970 

2-39 

2-80 

0-108 

0-808 

0-00266 

4,730 

2-10 

2-66 

0-096 

0-624 

000248 

3,660 

1-91 

2-30 

0-084 

0-444 

000217 

2,600 

1-72 

1-93 

0080 

0-298 

0-00207 

1,740 

1-45 

The  results  fit  in  with  the  formula  D  =  610E^". 
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Table  X. 

Condenser  tested Glass  plate  condenser  in  oil. 

Capacity 0*00130  microfarad. 

Frequency 1*68  x  10«. 

Nature  of  dielectric Glass. 

Surface  of  dielectric     .....  309  sq.  cms. 

Thickness  of  dieleotric 0*17  cm. 

Volume  of  dielectric 52-5  cub.  cms. 


R.M.S.y«lae  i 

Effective 

Power 

Power  loss 

R.M.S.  Tslue  of 

of  Goodenaer 

resistaDoeof 

(Uasipated  in 

Decrement 

in  condenser 

Hlttlji^riA  in 

carreot  in 

condenser  in 

ooodenaer  in 

of  condenser. 

in  microwatts 

ujvio&wri^.*  Ill 

electrostatic 
nnits. 

B. 

amperea. 
A. 

ohms. 
P 

watts. 
W. 

9-25 

8 

1 

0-0176 

per  c.c. 
D. 

8-86 

0-820 

176,000 

4-81 

317 

0-803 

8-06 

0-0173 

154,000 

4-54 

302 

0-786 

7-15 

0-0169 

136,000 

4-32 

2-85 

0-770 

6-26 

00166 

119,000 

4-08 

2-66 

0-694 

4-50 

0-0149 

86,800 

3-65 

2-81 

0-678 

3-62 

0-0146 

69,000 

3-30 

216 

0-676 

316 

00145 

60,200 

309 

2-05 

0-638 

2-68 

0-0137 

51,000 

2-94 

1-93 

0-664 

2-47 

0-0143 

47,100 

2-76 

1-71 

0-623 

1-82 

0-0134 

34,700 

2-45 

117 

0-550 

0-754 

00118 

14,400 

1-67 

110 

0-498 

0-604 

0-0107 

11,500 

1-67 

104 

0-458 

0-495 

0-0099 

9,440 

1-49 

0-97 

0-446 

0-419 

00096 

7,990 

1-89 

0-85 

0-370 

0-266 

00080 

5,060 

1-22 

0-67 

0-434 

0-195 

0-0093 

8,720 

0-96 

0-62 

0-40  i 

0154 

0-0087 

2,930 

0-89 

0-59 

0-411 

0-144 

0-0088 

2,740 

0-84 

0-55 

0-430 

0-129 

0-0093 

2;460 

0-79 

0-48i 

0-280 

0064 

0-0060 

1,220 

0-69 

The  above  observations  agree  with  the  formula  D  =  3,720E^** 
well  down  to  E  =  1-4,  then  not  so  well. 

It  is  found  that  the  energy  losses  in  air  and  oil  condensers  made 
with  certain  oils  are,  relatively  speaking,  very  small,  but  may  yet 
amoimt  to  something  of  the  order  of  several  thousand  microwatts  per 
centimetre  cube  for  electrostatic  forces  of  the  order  of  2*0  electrostatic 
units  or  600  volts  per  centimetre.  They  are  also  determined  by  the 
current  density.  In  the  case  of  condensers  made  with  glass  or 
ebonite  dielectrics  these  internal  energy  losses  may  become  very 
large  for  electrostatic  forces  attaining  a  value  not  even  larger  than  10, 
and  hence  contributing  greatly  to  raise  the  decrement  in  any  oscil- 
latory circuits  of  which  these  condensers  form  part.  Different  kinds 
of  glass  seem  to  vary  very  much  in  this  respect,  and  this  points  to  the 
great  importance  of  testing  Leyden  jars  and  glass  plate  condensers 
intended  to  be  used  as  radiotelegraphio  transmitters,  especially  for 
dielectric  loss  as  well  as  for  capacity.  With  the  arrangements  above 
described  this  test  can  be  most  easily  and  accurately  carried  out,  and 
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that  glass  may  be  selected  which  is  best  for  the  purpose.  The  experi- 
ments also  show  that  for  experimental  work  condensers  made  with 
oil  as  dielectric  are  best,  wlulst  for  large  scale  condensers  air  as  a 
dielectric  gives  a  small  energy  loss,  provided  the  electrostatic  force  is 
not  raised  to  a  value  at  which  brush  discharges  begin  to  produce 
sensible  ionisation  of  the  air.  If  this  is  the  case  the  internal  losses 
may  become  considerable,  even  for  air  condensers.  The  moral  to  be 
drawn  from  the  above  described  observations  is  that  in  the  case  of 
condensers  used  in  Eadiotelegraphy  the  current  density  in  the 
condenser  should  be  kept  as  small  as  possible  to  reduce  the  dielectric 
losses. 

The  effect  of  these  losses  is  to  damp  out  more  quickly  the  free 
oscillations  set  up  in  a  circuit  containing  the  condenser.  Hence  the 
importance  of  using  in  all  cases  air  condensers  if  possible  and  not 
ebonite  or  glass.  A  similar  set  of  measurements  was  made  by  Dr.  L. 
W.  Austin  (see  "  Energy  Losses  in  some  Condensers  used  in  High 
Frequency  Circuits,"  Bulletin  of  the  Bureau  of  Standards  :  Washington, 
U.S.A.,  vol.  ix.,  No.  190,  1912). 

Austin  also  adopted  the  method  of  representing  the  losses  in  a 
condenser  as  due  to  a  hypothetical  resistance  with  a  certain  current 
and  voltage. 

He  substituted  for  the  condenser  under  test  an  air  condenser  with 
inductionless  resistance  in  series  with  it  and  adjusted  that  resistance 
until  the  frequency  and  current  in  the  circuit  was^  the  same  in  both 
cases,  the  frequency  being  varied  by  changing  the  value  of  an  induc- 
tive coil  of  negligible  resistance  placed  in  series  with  the  condensers. 
In  this  manner  he  found  the  following  results  for  various  condensers, 
having  a  terminal  potential  difference  of  14,500  volts  (maximum  value) 
and  a  current  of  7  to  8  amperes  passing  through  them : — 


Condenser. 


Leyden  jar,  No.  1 

..        .,    No.  2 

Telefunken  jar 

United  wireless  jar 

MoBcicki  jar 

Paper  condenser 

Moulded  micanite 

Glass  plates  in  oil 

Fessenden  compressed  air  15  at-  \ 
mospheres j 


Ci4»AcU7  In  mfds. 

Equivalent  reeisfcance 
in  ohms. 

0-00603 

108 

0-00606 

1-19 

000612 

1-69 

0-00608 

1-88 

000548 

0-67 

0-00580 

2-19 

00041 

2-91 

00042 

0-68 

0-00676 

• 

014 

The  above  table  shows  that  paper  and  micanite  have  very  large 
dielectric  losses.  Also  Austin  found  that  Leyden  jars  immersed  in 
oil  show  losses  not  much  exceeding  those  in  compressed  air  con- 
densers. 

In  Leyden  jars  charged  to  various  voltages  between  10,000  and 
20,000  the  equivalent  resistance  lies  between  1-0  and  1*8  ohms,  and  the 
loss  increases  as  the  square  of  the  voltage. 

Austin's  results  agree  on  the  whole  fairly  well  with  those  of  the 
Author. 


HIGH  FBEQUENCT  ELBGTBIO   BiEASUREMEKTS  225 

We  may  then  briefly  oonsider  what  portion  of  this  dielectric  loss 
should  properly  be  said  to  be  due  to  dielectric  hysteresis.  The  term 
hysteresis  means  **  lagging  behind/'  and  is  applied  in  the  case  of  the 
magnetization  of  iron  to  the  energy  dissipated  when  a  mass  of  iron  is 
carried  through  a  cycle  of  magnetization.  The  magnetization  then 
lags  behind  the  magnetizing  force  in  consequence  of  hysteresis.  The 
curve  which  delineates  the  magnetization  in  terms  of  the  magnetizing 
force  is  a  closed  loop.  The  area  of  this  loop  is  a  measure  of  the  work 
done  per  cycle  in  carrying  the  iron  through  the  complete  series  of 
operations  m  which  the  force  is  applied,  removed,  appUed  negatively, 
and  then  removed  again. 

It  is  found  that  there  is  in  certain  dielectrics  a  similar  efiFect, 
since  the  dielectric  displacement  or  strain  lags  in  phase  behind 
the  electric  force,  and  we  have  therefore  a  hysteresis  loop  formed 
when  we  graphically  delineate  the  effect  of  a  cycle  of  operations. 
This  lag  or  difference  of  phase  between  the  strain  and  the  force  is 
properly  described  as  dielectric  hysteresis,  and  the  energy  dissipated 
in  consequence  can  be  described  as  hysteretic  loss. 

It  is,  however,  necessary  to  distinguish  carefully  between  energy 
loss  due  to  ohmic  resistance,  electrol3rtic  action,  or  electric  discharges, 
and  that  (if  any)  due  to  dielectric  hysteresis.  It  is  a  matter  of  great 
difficulty  to  free  any  insulator  so  completely  from  water  or  other 
electrolysable  material  that  under  alternating  electric  force  no  heat  is 
produced  in  it  by  true  joulean  action.  It  has  been  considered  that 
this  could  be  eliminated  by  making  a  measurement  first  with  alter- 
nating electromotive  force  and  then  with  continuous  current  at  the 
same  B.M.S.  voltage,  and  employing  a  voltmeter  to  measure  the  power 
taken  up  in  both  cases. 

The  first  measurement  is  then  assumed  to  give  the  total  losses, 
and  the  second  the  C^B,  or  heating  losses,  and  also  the  electrolytic 
losses.  This  method  was  adopted  by  Mr.  Steinmetz,<^  and  he  came 
to  the  conclusion  that  there  was  a  true  dielectric  hysteresis  loss,  varying 
as  the  square  of  the  electromotive  force.  There  are  objections  to  this 
method,  on  the  ground  that  the  resistance  of'  a  dielectric  is  an  ill- 
defined  quantity,  and  in  any  case  is  a  function  of  the  voltage  and  time 
of  application.  Moreover,  loss  by  creeping  over  the  surface  of  the 
dielectric  or  brush  discharges  at  the  edges  of  the  electrodes  is  not 
eliminated.  In  the  same  manner  measurements  of  power  factor  by 
the  wattmeter,  or  measurements  of  the  angle  of  lag  made  on  open- 
circuited  cables,  may  give  a  value  of  the  total  loss  due  to  all  causes  in 
the  insulator  of  a  cable,  but  thi^y  do  not  settle  the  question  whether 
there  is  an  energy  dissipation  due  simply  to  change  in  the  polarization 
or  electric  strain,  analogous  to  true  magnetic  hysteresis  in  iron.  In  fact, 
just  as  we  must  distinguish  between  true  magnetic  hysteresis  and  eddy 
current  loss  in  sheet  iron,  so  in  the  case  of  insulators  we  must  distinguish 
between  that  which  may  properly  be  called  "  dielectric  hysteresis  "  and 
other  sources  of  energy  dissipation.  Another  mode  of  procedure  was 
suggested  by  Bicardo  Amc^^i     He  placed  a  cylinder  of  an  insulating 

**  See  C.  P.  Stemmetz,  Electrical  Engineer,  New  York,  March  16,  1892 ;  or 
T/m  Eleetricicm,  London,  1892,  vol.  28,  p.  602. 

•^  See  B.  Amo,  Accademia  dei  Lincei,  Oct.  6, 1892,  and  April  80, 1893.  See  The 
Electrician,  1898,  vol.  80,  p.  516;  vol.  81,  p.  201 ;  vol.  82,  p.  222 ;  vol.  38,  p.  210. 
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material  in  a  rotating  electrostatic  field,  and  found  that  it  was  set  in 
rotation.  Professor  E.  Threlfall  has  also  conducted  an  extensive  and 
well-devised  series  of  experiments  with  a  modification  of  Amo's  appara- 
tus, and  carefully  examined  various  sources  of  error.^^  ThrelfaU  used 
his  dielectrics  in  the  form  of  ellipsoids  of  revolution  and  created  the 
rotating  field  by  mechanically  rotating  a  sort  of  air  condenser  with  a 
steady  imiform  field.  Between  the  plates  of  this  condenser  the  ellip- 
soid was  suspended.  He  carefully  dried  the  surface  of  the  dielectric 
and  suspended  it  by  a  quartz  fibre,  and  shielded  the  mirror  and 
attachments  from  electrostatic  action.  Out  of  a  very  large  number 
of  experiments  on  ebonite,  sulphur,  resin,  and  other  dielectrics,  he 
came  to  the  following  conclusions  : — 

(i.)  When  an  ellipsoid  of  a  solid  dielectric  is  placed  in  a  rotating 
electric  field,  it  is  set  in  rotation  even  when  all  sources  of  true  electric 
conduction  are  eliminated.  This  indicates  that  the  electric  strain  or 
polarization  lags  behind  the  electric  force  in  phase.  Hence,  in  one 
sense,  this  is  a  *'  hysteresis  "  effect. 

(ii.)  The  effect  is  absent  in  liquid  dielectrics. 

(iii.)  In  solid  dielectrics,  if  we  denote  the  internal  electric  force 
by  F,  and  the  energy  expenditure  per  cycle  due  to  the  true  dielectric 
hysteresis  by  W,  then — 

W=aF' 

The  exponent  n  is  a  number  lying  between  1-5  and  1-96  for  ordinary 
homogeneous  dielectrics,  but  it  is  not  exactly  1*6. 

(iv.)  This  hysteresis  loss  is  very  variable  in  passing  from  specimen 
to  specimen,  and  an  exact  value  cannot  be  assigned  to  any  substance 
as  contrasted  with  a  specimm, 

(v.)  As  regards  the  factor  a,  it  is  a  very  small  number  in  the  case 
of  paraffin  wax,  but  in  the  case  of  glass  and  ebonite  may  approach 
a  value  0*03  or  0*04.  Thus  for  a  particular  sample  of  ebonite  the 
formula  found  was — 

W  =  0029  F^'^^^ 
and  for  a  flint-glass  spheroid — 

W  =  0-038  F^"^ 

whilst  for  a  paraffin  ellipsoid — 

W  =  0-0008  F^'^ 

The  constant  a  varies  according  to  Threlfall  greatly  from  sample 
to  sample,  but  the  index  n  is  much  more  constant  for  samples  of  the 
same  material,  but  varies  from  materiat  to  material. 

This  loss  can  be  expressed  as  a  percentage  of  the  energy  stored 
per  unit  of  volume.  For  if  F  is  the  uniform  internal  electric  force  in 
one  unit  of  volume,  then  the  energy  stored  is  \  CF^  where  C  is  the 

XT 

capacity  per  cubic  unit  of  volume.     But  0  =  -p   for  cubic  unit,  hence 

KF2 
the  energ}'  stored  T  =    ^-  per  cubic  unit. 

OTT 

•»  See  R.  Threlfall,  **  On  the  Conversion  of  Electric  Energy  in  Dielectrics," 
Physical  Review^  1897,  vol.  iv.  p.  467  ;  vol.  v.  p.  21. 
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But  the  energy  expended  in  hysteresiB  is  W  =  aF",  therefore — 

Let  F  =  1,  then— 

P^   K 

Taking  the  case  of  sulphur,  Threlfall  gives  the  following  figures : 
K  =  3162,  a  =  0-0139,  n  =  1-91.  Hence  J3  =  0-1112,  or  nearly 
11  per  cent. 

For  ebonite,  K  =  3-6,  a  =  0-029,  n  =  1-765,  and  J3  =  0-212  =  21-2 
per  cent.  The  above  ratio  denoted  by  J3,  must  not  be  confused  with 
the  ratio  of  the  total  dielectric  energy  dissipation  to  the  volt-amperes 
or  product  of  the  condenser  current  and  impressed  voltage.  This  last 
is  the  power  factor  (P.F.)  of  the  condenser.  Taking  sinoidal  variation 
of  condenser  current  and  voltage,  and  assuming  no  energy  loss  except 
the  true  hysteresis,  we  have  the  volt-amperes  per  unit  volume  in 

equivalent  electrostatic  measure  given  by  Cp¥^  or  by  ^  F^  per  period. 

2W 
Hence  for  unit  internal  force  the  power  factor  (P.F.)  is  equal  to  -^r- 

.   2a 
or  to  -- . 

For  the  sulphur  mentioned  above  this  gives  P.F.  =  0-009,  and  for 
ebonite  P.F.  =  0017. 

Threlfall  also  made  experiments  with  an  apparatus  designed  by 
Ebert  for  producing  a  very  high  frequency  revolving  electric  field,  and 
placed  various  solid  dielectrics  in  it.  There  is  no  need  to  describe 
the  apparatus  in  detail,  for  this  the  reader  must  refer  to  the  original 
paper.^  The  results,  however,  showed  that  for  a  frequency  as  high 
as  107  dielectric  hysteresis  was  absent.  This  result  shows  that  any 
heating  •  of  condensers  which  occur  with  high  frequency  currents 
must  be  due  to  electric  conduction,  electrolysis  or  discharges  over  the 
surface,  and  not  to  true  dielectric  hysteresis. 

In  regard  to  the  general  question  of  dielectric  hysteresis.  Professor 
A.  W.  Porter  and  Dr.  D.  E.  Morris  have  pointed  out  that  it  is  necessary 
to  distinguish  between-merely  viscous  effects  and  true  hysteresis.^^  If 
an  electric  force  is  applied  to  a  dielectric  it  may  take  time  to  establish 
the  corresponding  electric  strain,  in  which  case  viscosity  is  present. 
On  the  other  hand,  the  strain%nay  have  the  same  value  whether 
it  has  been  arrived  at  by  descending  from  a  large  force  or  rising  up 
from  a  small  one  to  the  same  value.  In  this  last  case  true  hysteresis 
is  absent.  In  experiments  made  with  a  particular  mica  condenser, 
Porter  and  Morris  found  dielectric  viscosity  but  no  true  dielectric 
hysteresis.  If  viscosity  is  present,  it  follows  that  when  the  impressed 
force  varies  in  value  but  not  direction  the  resulting  flux  value  is 
a  function  of  the  frequency. 

On   the  other  hand,  there  is  no  doubt  that  in  the  majority  of 

•«  See  Ebert,  Wied  Annalen,  1894,  vol.  &8,  p.  144. 

**  Porter  and  Morris,  Pnc.  Boy.  Soc.,  1896,  vol.  57,  p.  469 ;  also  The  Electrician^ 
April  12,  1895,  vol.  84,  p.  785. 


228  HIGH  FREQUENCY  ELEOTBIG   HEASUBEMENT8 

dieleotrios  the  presence  of  moisture  and  conducting  particles  or 
heterogeneity  of  structure  gives  rise  to  true  conduction  currents  in 
the  mass  of  the  dielectric,  and  therefore  to  an  energy  dissipation. 
In  the  case  of  high  frequency  currents,  it  is  this  surface  creeping, 
internal  discharge  or  conduction,  that  gives  rise  to  the  major  part  of 
the  energy  waste  and  dielectric  heating  in  condensers,  and  not  to 
true  dielectric  hysteresis. 

11.  The  Measarement  of  High  Frequency  Blectrio  Cnrrents. 
Hot  Wire  Ammeters. — In  dealing  with  electric  oscillations  and 
high  frequency  currents  we  require  special  forms  of  ammeter  for 
making  the  required  current  measurements.  In  some  cases  instru- 
ments can  be  employed  for  comparative  measurements  which  depend 
for  their  action  upon  the  production  of  a  magnetic  field  round  the 
conductor  through  which  these  oscillations  pass.  In  this  case  the 
oscillations  have  to  pass  through  an  insulated  wire  wound  up  into 
some  form  of  coil.  It  is,  however,  difficult  to  graduate  such  instru- 
ments so  as  to  make  their  scales  read  correctly  the  mean-square  or 
effective  value  of  oscillatory  currents  of  various  frequencies  sent 
through  the  coil.  This  arises  from  the  fact  that  with  high  frequency 
currents  in  close  coils  of  insulated  wire  a  considerable  dielectric 
current  passes  from  coil  to  coil,  and  is,  so  to  speak,  shunted  out  of 
the  wire  to  a  degree  depending  upon  the  frequency.  Hence,  as  a 
rule,  coil  or  electro-magnetic  instruments  are  not  so  suitable  as  those 
of  the  straight  hot-wire  type  for  the  direct  measurement  in  amperes 
of  a  high  frequency  current.  It  is  not,  however,  every  form  of  hot- 
wire ammeter  which  is  available  for  the  purpose.  Most  hot-wire 
ammeters  in  use  for  measuring  continuous  or  low  frequency  alter- 
nating currents  are  constructed  on  the  shunt  principle.  The  main 
part  of  the  current  flows  through  a  fixed  coil  on  metal  strip,  and  a 
shunted  portion  passes  through  a  bye-pass  wire,  which  is  thereby 
heated,  expanded,  and  provides  the  means  of  indication  or  measure- 
ment This  shunted  circuit  is,  however,  inadmissible  in  the  case 
of  measurement  of  high  frequency  currents.  The  ratio  in  which  the 
current  is  divided  between  the  shunt  and  working  wire  is  a  function 
of  the  frequency.  Accordingly  the  only  form  of  ammeter  which  is 
available  and  accurate  for  the  measurement  of  high  frequency  electric 
currents  is  the  hot-wire  ammeter,  in  which  the  whole  current  passes 
through  the  working  wire  of  the  instrument. 

Even  then  certain  other  precautions  are  necessary.  The  wire 
used  must  not  be  contained  in  a  metal  case  or  tube,  and  if  it  is  a 
single  wire,  should  not  be  thicker  t\$kn  0*25  mm.,  so  that  its  high 
frequency  resistance  is  identical  with  its  ordinary  or  steady  resistances. 
Hence,  it  the  working  wire  has  to  carry  a  current  of  several  amperes, 
it  must  be  made  up  of  a  sufficient  number  of  separated  or  insulated 
fine  copper  or  platinoid  wires  arranged  in  a  bundle  or  strand,  not 
closely  compressed,  but  open.  The  best  plan  is  to  use  thin  bare 
wires  slightly  separated  from  each  other.  The  stranded  wire  is 
stretched  between  two  fixed  points,  and  the  expansion  produced  by 
the  high  frequency  current  traversing  it  then  creates  a  sag,  which  is 
measured  by  some  indicating  needle. 

A  form  of  high  frequency  hot-wire  ammeter  devised  by  the  author 
is  made  as  follows  : — 
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On  a  vertioal  hardwood  board  are  fixed  two  metal  pins;  A  and  B, 
between  which  are  stretched  with  equal  tightness  a  number  of  fine 
copper  or  platinoid  wires.  They  are  kept  taut  by  a  metal  loop 
drawn  back  by  a  spiral  spring,  O  (see  Fig.  35).  A  second  fine  wire 
is  also  stretched  between  the  point  0  and  another  fixed  pin,  D,  and 
to  the  centre  of  this  last  wire  is  attached  a  third  wire,  EF,  the  upper 
end  of  which  is  fastened  to  the  short  arm  of  a  piyoted  index  needle. 
When  electric  oscillations  are  passed  through  the  wires  AB,  they 
expand  and  sag,  and  this  creates  a  still  greater  ssig  in  the  wire  CD, 
and  hence  allows  the  short  end  of  the  index  needle  to  rise,  and  the 
pointer  end  to  moye  down  over  a  scale.  By  passing  various  measured 
continuous  currents  through  the  wires  AB,  the  scale  of  this  instru- 
ment can  be  graduated  directly  to  read  amperes.  Hence,  if  any  high 
frequency  current  or  steady  groups  of  oscillations  are  passed  through 


Fio.  85. — Hot-wire  Ammeter  for  High  Frequency  Currents.    (Fleming.) 

the  parallel  wires,  the  needle  indicates  at  once  their  root-mean-square 
value.  By  suitably  selecting  the  length  and  number  of  the  working 
wires  of  the  instrument,  it  can  be  adapted  for  any  range  of  measure- 
ment. For  the  measurement  of  very  small  high  frequency  currents, 
such  as  those  of  about  0*01  to  0*1  ampere,  the  author  has  devised 
another  form  of  single  wire  hot-wire  instrument,<^^  and  a  hot-wire 
voltmeter  on  the  same  principle  had  been  previously  but  indepen- 
dently described  by  Professor  Threlfall.*® 

The  foUowing  form  of  hot-wire  ammeter  can  be  so  made  as  to 
measure  currents  as  small  as  2  milliamperes,  and  is  easily  calibrated 
at  the  time  of  using  it. 

**  See  J.  A.  Fleming,  "  On  a  Hot-wire  Ammeter  for  the  Measurement  of 
Very  Small  Alternating  Currents,"  Phil,  Mag.^  May,  1904,  ser.  6,  yol.  7,  p.  595 ; 
or  Proc.  Phys.  Soc,  Land.,  1904,  vol.  19,  p.  173. 

••  See  R.  Threlfall,  "  On  a  New  Form  of  Sensitive  Hot-wire  Voltmeter," 
Proc,  Phyt,  Soc,  Lond.,  1904,  vol.  19,  p.  68 ;  also  Phil,  Mag,,  ser.  6,  vol.  7,  p.  371, 
1894. 
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The  ammeter  consists  of  a  wooden  box  (AB,  see  Fig.  36),  104  cms. 
in  length,  8  cms.  in  height,  and  6  cms.  in  with.  The  top  of  this  box 
opens  on  hinges,  and  in  the  centre  is  fixed  an  achromatic  convex  lens, 
I,  having  a  focal  length  of  10  cms.  The  front  of  the  box  is  cut 
down  to  form  a  window,  W,  which  is  glazed  with  a  sheet  of  thin 
transparent  mica  (see  Fig.  36).  In  the  box  is  fixed  a  square  rod  of 
well-seasoned  pine,  1  metre  in  length  and  2*5  cms.  in  width  and 
breadth.  To  each  end  of  this  rod  are  fixed  two  small  brass  uprights 
to  which  terminal  screws  are  attached,  and  also  small  spring  pieces 
of  brass,  p,  p,  which  are  pressed  in  by  screws  passing  through  the 
uprights. 

To  these  springs  at  each  end  of  the  rod  are  attached  fine  wires, 
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Fig.  86. — Hot-wire  Milliammeter.    (Fleming.) 

either  of  pure  silver  or  of  some  high  resistance  alloy,  such  as  con- 
stantan,  platinoid,  etc.,  according  to  the  use  to  which  the  instrument 
is  to  be  placed. 

In  the  instrument  constructed  by  the  author,  these  wires  are  of 
platinoid,  the  length  of  the  wires  being  1  metre  and  the  diameter 
0*05  mm.  .  The  distance  apart  of  these  wires  is  about  5  mm.  The 
extremities  of  these  wires  are  soldered  to  the  two  spring  pieces  at  the 
ends  of  the  wooden  rod,  and  the  tension  of  these  wires  can  be  adjusted 
by  means  of  the  screws  passing  through  the  small  uprights  and 
pressing  against  the  spring  pieces. 

To  the  centre  of  thjd  wooden  rod  carrying  the  above-mentioned 
fine  wires  are  fastened  two  very  delicate  spiral  springs,  8,  which  have 
their  other  ends  looped  over  the  long  straight  wires.  These  spiral 
springs  are  made  of  extremely  fine  platinoid  wire,  and  they  serve  to 
keep  the  ammeter  wires  tight. 

If  one  of  the  wires  is  heated  by  passing  a  current  through  it,  it 
sags  down  slightly.  The  sag  in  indicated  in  the  following  manner : — 
The  two  wires  are  embraced  by  an  exceedingly  small  loop  of  paper,  77?, 
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made  from  a  strip  of  paper  2  mm.  in  width  and  about  12  or  15  mm. 
in  length. 

To  this  loop  of  paper  is  attached  with  a  touch  of  shellac  a  frag- 
ment of  silvered  microscopic  glass  about  2  mm.  in  width  and  5  mm. 
in  length. 

The  tension  of  one  of  the  wires  is  so  adjusted  that  when  no 
current  is  passing  through  either  of  them  one  wire  sags  more  than 
the  other,  and  this  little  loop  of  paper  and  its  attached  mirror  sets 
itself  at  an  angle  of  about  45  degrees  to  the  horizontal.  This  is  attained 
by  slightly  relaxing  the  tension  on  one  of  the  wires.  Upon  the  lid  of 
the  containing  box  is  carried  an  incandescent  lamp,  having  a  straight 
or  horseshoe-shaped  filament,  and  in  front  of  the  box  is  placed  a 
vertical  strip  of  ground  glass,  S,  carried  in  a  brass  grooved  frame, 
which  can  be  adjusted  to  any  height  on  a  vertical  metal  rod.  The 
height  of  the  incandescent  lamp  is  so  adjusted  that  the  lens  forms  a 
clear  image  of  the  filament  or  of  one  leg  of  the  filament  upon  the 
ground  glass  in  the  form  of  a  horizontal  line  of  hght.  With  a  good 
lens  this  image  can  be  made  very  sharp.  The  lens  actually  used  was 
the  objective  of  an  old  opera-glass.  A  hood  of  metal  or  asbestos  placed 
over  the  lamp  prevents  the  direct  rays  of  the  lamp  falling  on  the 
ground-glass  screen.  The  screen  can  be  conveniently  placed  about 
a  metre  from  the  wire  box. 

If,  then,  a  small  current  is  passed  through  the  slacker  of  the  two 
measuring  wires,  its  sag  will  increase  and  the  small  mirror  attached 
to  the  two  wires  will  be  tUted,  and  the  image  of  the  filament  on  the 
ground  glass  will  move  down,  but  return  again  to  its  original  zero,  as 
soon  as  the  current  is  removed. 

As  a  preliminary  step,  both  the  wires  must  be  aged  by  sending 
intermittently  a  small  current  through  them  for  a  considerable  time, 
this  current  being  continually  interrupted. 

In  the  instrument  actually  made,  the  platinoid  wires  have  a  resist- 
ance of  about  168  ohms  each ;  hence,  if  an  electromotive  force  of  2 
volts  is  applied  to  the  ends  of  the  wires,  a  current  of  about  -^  of  an 
ampere  passes  through  them. 

The  instrument  is  calibrated  in  the  following  manner: — A 
secondary  cell  having  a  measured  electromotive  force,  say,  of  about  2 
volts  is  connected  in  series  with  one  of  the  working  wires  through  a 
resistance  box  of  the  usual  plug  pattern.  By  varying  this  resistance, 
different  currents  are  passed  through  the  wire,  and  the  position  of  the 
spot  of  light  on  the  screen  corresponding  to  the  different  current  is 
noted. 

If  the  wire  employed  is  of  platinoid  or  of  constaptan,  its  resistance 
will  not  be  altered  appreciably  by  different  small  currents  passed 
through  it,  and  hence  the  resistance  of  the  wire  can  be  determined 
once  for  aU,  with  a  sufficient  degree  of  approximation  for  practical 
purposes,  by  means  of  a  potentiometer.  When  this  has  once  been 
done,  a  few  observations  taken  vnth  a  cell  of  known  electromotive 
force  and  a  plug  resistance  box  used  as  above,  enable  the  observer  to 
mark  off  on  the  ground-glass  strip  with  a  pencil  the  position  of  the 
line  of  light  for  various  known  currents  lying  within  a  certain  range. 
The  strip  of  ground  glass  may  then  be  removed  and  appUed  to  a  sheet 
of  squai^  paper,  and  a  curve  plotted  down  showing  the  deflections  in 
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terms  of  the  actual  currents.  This  eurve  proves  to  be  a  parabola  (see 
Fig.  37),  because,  if  we  plot  the  logarithms  of  the  deflections  and  the 
logarithms  of  the  currents,  we  have  a  straight  line  delineated,  making 
an  angle  with  the  horizontal,  the  tangent  of  which  is  equal  to  2.  If, 
then,  we  replace  the  ground-glass  screen  in  its  original  position  and 
pass  through  the  ammeter  wire  any  current,  continuous  or  alternating, 
lying  within   the  range  of  the   graduation,  the  resulting  deflection 
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Fio.  87. — Calibration  Curves  of  a  Hot-wire  Ammeter. 


of  the  line  of  light  on  the  screen  can  be  at  once  marked  off  on 
the  ground  glass,  and  from  the  curve  of  calibration  obtained  as 
above  described  the  ampere  value  of  this  current  becomes  at  once 
known. 

In  the  instrument  actually  used  the  deflection  of  the  line  of  light 
on  the  scale  placed  at  a  distance  of  about  80  cms.  from  the  mirror, 
produced  by  an  application  of  2  volts  to  the  wire,  is  about  3  cms.,  and 
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4  volts  produce  aboufc  12  cms.  deflection;  hence,  current  of  about 
T^  of  an  ampere,  or  10  milliamperes,  produces  a  deflection  which  can 
be  accurately  read  to  within  2  or  3  per  cent.,  and  a  current  as  small 
as  5  milliamperes  thus  can  be  measured. 

The  particular  class  of  wire  with  which  .the  instrument  should  be 
strung  depends  on  the  uses  to  which  it  is  to  be  put.  If  the  object  is 
to  read  a  current  of  as  small  a  yalue  as  possible,  then  the  wire  must 
be  as  fine  as  possible,  and  made  of  a  material  of  high  specific 
resistance,  such  as  constantan. 

Before  the  great  European  War  which  began  in  1914  it  was 
possible  to  obtain  from  Germany  very  fine  wires  drawn  from  different 
pure  metals  and  high-resistance  alloys  drawn  down  to  diameters  vary* 
ing  between  0*05  mm.  and  0'02  mm%  The  resistance  of  a  constantan 
wire  of  the  latter  size  per  metre  is  about  1350  ohms,  whilst  a  wire  of 
pure  silver  of  the  larger  size  has  a  resistance  of  only  8  ohms  per 
metre. 

The  sag  of  the  wire  used  in  the  above-described  instrument 
depends  essentially  upon  its  temperature,  and  its  temperature  depends 
upon  the  rate  at  which  energy  is  being  expended  in  it,  per  unit  of 
its  surface.  Accordingly,  for  the  measurement  of  the  smallest  cur- 
rents the  wires  must  be  of  high-resistance  material  and  as  small  as 
possible  in  diameter,  whilst  for  the  measurement  of  smaU  voltages  the 
wire  must  be  made  of  a  material  like  silver  with  high  conductivity. 

The  temperature  of  a  fine  wire  traversed  by  a  feeble  current  can 
be  raised  by  placing  the  wire  in  a  vacuum  ;  because  then  the  cooling 
effiect  of  air  convection  is  removed.  By  including  the  wire  in  a 
high  vacuum  the  sensitiveness  of  a  hot-wire  ammeter  made  as  above 
described  can  be  increased  from  20  to  26  times.  The  author  has 
recently  devised  a  form  of  hot-wire  ammeter  with  the  wire  enclosed 
in  a  highly  exhausted  glass  tube.  The  sag  of  the  wire  is  measured 
optically  from  the  outside. 

For  measuring  even  smaller  high  frequency  currents,  Mr.  W. 
Duddell  ^7  has  devised  an  ingenious  instrument,  which  is,  in  fact,  an 
application  of  Boy's  microradiometer.  A  small  rectangular  circuit,  F 
(Fig.  38),  is  suspended  by  a  quartz  fibre,  S,  in  the  field  of  a  strong 
magnet,  M,  and  the  ends  of  this  coil  terminate  in  a  bismuth-antimony 
thermocouple,  T,  one  junction  of  which  rests  over  and  just  clear  of 
a  thin  strip  of  metallic  foil  or  a  wire,  AB,  through  which  the  current 
to  be  measured  is  passed  (see  Fig.  38).  The  heat  generated  in  this 
strip  acts  by  convection  and  radiation  on*  the  thermo  element,  and 
creates  in  the  associated  circuit  a  current  which  causes  it  to  be 
deflected  in  the  magnetic  field  in  which  it  is  suspended.  By  attach- 
ing a  mirror  to  thiis  movable  coil,  Mr.  Duddell  has  been  able  to 
measure  alternating  currents  having  a  root-mean-square  value  of  less 
than  ,„J^j5  of  an  ampere.  This  instrument  has  proved  of  use  in 
measuring  the  oscillatory  currents  in  wireless  telegraph  antennae. 

For  this  purpose  Mr.  Duddell  has  employed  thin  strips  of  gold 
leaf  as  the  heating  circuit  placed  under  the  thermopile,  and  through 
this  strip  the  electric  oscillations  pass  and  create  in  it  heat,  and 
enable  a  measurement  to  be  made  of  their  root-mean-square  or 

*'  See  Mr.  W.  DaddeU,  "  On  Some  Instruments  for  the  Measurement  of  Large 
and  SmaU  Alternating  Currents,"  Proc.  Phys,  Soc,  Lond.,  1904,  vol.  19,  p.  233. 
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effective  value.  It  is  easy  to  detect  and  measure  the  effective 
(R.M.S)  value  of  the  current  produced  by  a  Bell  telephone,  when 
suitably  spoken  into,  by  the  aid  of  this  Duddell  thermo- galvanometer. 
Another  method  of  employing  a  wire  heated  by  electrical  oscilla- 
tions for  the  measurement  of  their  effective  or  root-mean-square  value 
has  been  much  used  in  Germany.  It  is  an  application  of  a  well- 
known  instrument,  usually  called  the  Eiess  electric  thermometer.  It 
was  originally  invented  by  Sir  W.  Snow-Harris  in  1827  (see  PhiL 
Trans,  Roy,  Soc,  1827).  In  its  modem  form  it  consists  of  a  glass 
bulb  (B)  or  tube  (see  Fig.  39),  enclosing  a  fine  ynre  (W)  or  stranded 
bundle  of  fine  wires,  v^ith  suitable  electrodes.  To  the  bulb  is 
connected  a  U-tube  having  liquid  in  it,  and  also  a  lateral  tube  with 
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Fig.  88.— Principle  of  the  Duddell 
Thermo-galvanometer. 


Fio.  39. — Snow-Hams  or  Riess  Hot- 
wire Ammeter. 


glass  stopcock  is  attached  to  the  bulb  for  the  purpose  of  equalizing 
the  air  pressure  within  and  without.  If  an  electric  current  is  passed 
through  the  wire  it  heats  it,  and  if  the  current  remains  constant  a 
condition  is  soon  reached  in  which  the  air  in  the  bulb  gains  as  much 
heat  per  second  from  the  vdre  as  it  loses  by  radiation  and  convection. 
Then  the  pressure  of  the  air  in  the  bulb  becomes  steady,  and  is 
higher  than  that  of  the  external  air.  Accordingly,  the  manometer 
liquid  rises  in  one  limb  of  the  U-tube  and  falls  in  the  other.  A  scale 
can  be  attached  which  shows  the  position  of  the  liquid  when  various 
currents  reckoned  in  amperes  are  passed  through  the  wire.  Since 
currents  vdth  equal  E.M.S.  value  produce  equal  heat  in  the  wire  in 
the  same  time,  the  instrument  becomes  a  means  for  measuring  the 
E.M.S.  value  of  electric  oscillations  or  trains  of  oscillations.     This 
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instrument  has  to  be  used  with  some  precautions  to  avoid  errors  due 
to  expansion  of  the  air  in  the  bulb  by  heat  other  than  that  created 
in  the  wire,  and  is  not  generally  so  much  to  be  trusted  as  a  hot-wire 
anmieter  of  the  type  just  described,  in  which  the  heating  effect  of  the 
current  produces  a  sag  in  a  wire  strained  between  two  fixed  points. 

The  most  generally  useful  type  of  hot-wire  ammeter  for  the 
measxurement  of  high  frequency  currents  is  one  in  which  we 
determine  the  mean-square  value  of  the  current  passing  through 
the  wire  by  means  of  a  thermo  junction  in  contact  with  it. 

The  author  has  designed  an  ammeter  for  this  purpose  made  as 
follows.  On  two  bracket  supports  (see  Fig  40)  are  carried  a  pair  of 
brass  T-pieces  which  are  placed  5  or  7  cms.  apart. 

These  T-pieces  may  be  4  or  5  cms.  in  length.  To  these  are 
soldered  a  certain  number  of  bare  copper  or  platinoid  wires,  W,  not 
larger  than  No.  40  S.W.G.  size. 

These  wires  must  be  spaced  well  apart.    To  the  centre  of  one  of 
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Tig.  40. — Hot-wire  Thenno-electrio  High  Freqaency  Ammeter.     (Fleming.) 

these  wires  is  attached  a  thermo-electric  junction  of  copper  and 
iron,  J,  or  nickel  and  iron  formed  of  very  fine  wires  of  these  metals, 
not  more  than  0*05  mm.  in  diaipeter  and  not  longer  than  2  or  3  cms. 
The  outer  ends  of  these  last  fine  wires  are  soldered  to  thick  terminals, 
T^,  T2.  The  terminals  are  connected  to  a  low  resistance  galvanometer, 
a  very  convenient  form  being  a  Paid  single-pivot  galvanometer  having 
a  resistance  of  not  more  than  4  or  5  ohms.  When  a  high  frequency 
current  is  sent  through  the  fine  copper  wires  these  are  heated.  A 
thermo-electromotive  force  is  created  at  the  junction  in  contact  with 
one  of  the  hot  wires  and  deflects  the  needle  of  the  galvanometer  in 
connection  with  it. 

The  ammeter  can  be  calibrated  by  sending  measured  continuous 
currents  through  it,  and  observing  the  corresponding  deflection  of 
the  thermocouple  galvanometer.  A  curve  is  then  delineated,  showing 
the  currents  in  terms  of  the  corresponding  deflections,  which  is 
parabolic  in  form.     If  *  then  any  oscillatory  current  is  sent  through 
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the  ammeter  wires,  and  the  deflection  of  the  galvanometer  needle  is 
observed,  a  reference  to  the  curve  enables  us  to  determine  the  root- 
mean-square  value  of  these  oscillations. 

Hot-wire  ammeters  of  this  kind  are  easily  made  and  calibrated 
and  very  convenient  for  the  measurement  of  electric  oscillations 
damped  or  undamped. 

12.  The  Bolometer-Bridge  Method  of  measuring  High  Fre- 
qnenoy  Currents. — A  third  method  of  using  a  heated  wire  as  an 
ammeter  is  the  Bolometer-Bridge  method.  When  a  wire  is  traversed 
by  electrical  oscillations  and  is  thereby  heated,  its  resistance  increases. 
This  increase  in  resistance  can  be  measured  on  a  Wheatstone's 
bridge.  By  a  separate  experiment  we  can  find  the  value  of  the 
steady  continuous  current,  which  equally  heats  the  wire.  For  this' 
purpose  the  wire  to  be  heated  by  the  oscillations,  called  the  bolometer 
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Fig*  41. — Bolometer  Bridge. 


wire,  must  consist  of  a  very  fine  iron  or  platinum  wire,  which  must 
be  arranged  in  a  lozenge  or  diamond  form  (see  Fig.  41).  It  is 
desirable  to  employ  two  equal  circuits  of  the  same  sized  wire.  Let 
a,  b,  Cf  d,  and  a\  b\  c\  d'  be  these  two  circuits,  and  let  them  be 
joined  with  two  other  resistances,  E  and  S,  and  with  a  battery  and 
galvanometer,  G,  so  as  to  form  a  Wheatstone's  bridge.  To  two 
opposite  comers,  a,  c,  of  one  of  the  diamond- shaped  circuits  are  con- 
nected wires  which  lead  into  a  circuit,  in  which  oscillations  are  set  up. 
These  oscillations  pass  through  the  wires  a,  ^,  c,  d,  and  heat  them, 
but  as  the  bridge  connections  are  made  to  pioints  at  equal  potential, 
h  and  d^  there  is  no  tendency  for  the  oscillatory  currents  to  stray  into 
the  bridge  circuits.  The  balance  of  the  bridge  can  thus  be  obtained 
both  when  the  oscillations  are  flowing  and  when  they  are  absent. 
The  same  circuit,  a,  h^  c,  d,  can  then  be  heated  by  a  continuous 
current,  so  as  to  cause  an  equal  increase  in  resistance,  and  the 
measurement  of  this  equi-heating  continuous  current  gives  us  the 
E.M.S.  value  of  the  electric  oscillations. 
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A  very  sensitive  bolometer  bridge  of  the  above  type  was  employed 
by  Professor  C.  Tissot,  of  the  French  Navy,  in  his  admirable  re- 
searches on  resonance  in  antennce.^ 

He  employed  as  the  bolometer  wire  extremely  pure  platinum 
wire  freed  entirely  from  iridium,  so  that  it  had  as  low  a  resistance 
and  as  high  a  temperature  coefficient  as  possible. 

By  special  purification  he  was  able  to  obtain  platinum  having  a 
temperature  coefficient  of  0-0032,  increasing,  therefore,  0*3  per  cent, 
in  resistance  per  degree  centigrade  with  rise  in  temperature. 

This  platinum  was  drawn  down  into  wire  of  extreme  fineness  by 
the  Wollaston  method,  viz.  by  preparing  a  compound  wire  platinum 
inside  with  a  sheath  of  silver  outside,  then  drawing  this  down  as  fine 
as  possible,  and  finally  dissolving  off  the  silver  by  nitric  acid.<^  In 
this  manner  he  prepared  platinum  not  more  than  0*01  mm.  in 
diameter. 

SmaU  rectangles  were  then  made  by  attaching  this  wire  to  four 
terminals,  and  these  were  sealed  up  in  an  exhausted  glass  vessel. 
The  sides  of  the  rectangle  were  about  1-6  cm.  in  length,  and  had  a 
resistance  of  about  17  ohms.  These  rectangles  then  were  arranged 
as  the  two  arms  of  a  Wheatstone's  bridge,  as  in  Eig.  41,  and  one  of 
the  rectangles  had  its  opposite  comers  connected  respectively  to  the 
oscillatory  circuit  or  to  the  antenna  and  earth-plate  in  which  it  was 
desired  to  measure  the  oscillatory  current. 

The  sensibility  of  such  a  bolometer  wire  to  current  is  greatly  in- 
creased by  placing  the  wire  in  a  good  vacuum,  because  the  loss  of 
heat  from  it  by  convection  is  greatly  reduced,  and  therefore  a  given 
current  raises  its  temperature  higher  and  therefore  increases  by  a 
larger  percentage  its  resistance 

When  combined  with  a  properly  arranged  bridge  and  sensitive 
mirror  galvanometer,  such  a  bolometer  wire  is  capable  of  indicating 
extremely  small  oscillatory  currents.  The  bridge  is  first  balanced  so 
that  the  galvanometer  needle  remains  at  zero.  The  oscillations  are 
then  sent  through  one  of  the  fine  wire  rectangles  forming  one  arm  of 
the  bridge,  it  becomes  heated,  and  the  bridge  balance  is  upset,  and 
the  needle  deflects. 

M.  Tissot  found  that  with  one  of  his  bolometers  having  a 
resistance  of  42  ohms  when  used  in  the  circuit  of  a  receiving  antenna 
he  could  measure  the  antenna  current  produced  by  a  radiotelegraphic 
station  50  kilometres  distant. 

A  bolometer  bridge  is  therefore  of  great  use  in  radiotelegraphic 
researches,  because  it  enables  us  not  merely  to  detect  but  to  measure 
the  mean-square  value  of  the  feeble  oscillatory  currents,  whether 
damped  or  undamped,  set  up  in  a  receiving  antenna. 

18.  Eleotpo-dvnamic  Cnirent  Indicators  for  High  Frequency 
Currents.   Fleming  Alternating  Current  GalTanometer. — A  form 

of  alternating  current  galvanometer  devised  by  the  author  in  1884  has 
of  late  years  been  found  useful  for  the  comparative  measurement  of 

*'  See  M.  Gamille  Tissot,  **Etade  de  la  B^onanoe  des  Syst^mes  d'Antennes 
dans  la  telegraphic  sans  flls."    Gautbier-Villars,  Paris,  1906. 

**  For  a  number  of  useful  references  on  this  matter  and  information  on  the 
Wollaston  process  the  reader  is  referred  to  the  United  States  Patents,  Nos.  767971 
and  767981,  granted  to  John  Stone  Stone,  dated  August  16, 1904. 
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high  frequeooy  currents.  A  copper  or  Bilver  diac,  B  (see  Fig.  42),  is 
suspended  by  a  very  fine  wire  or  bifilar  suspension,  so  that  it  haDge 
within  a  coil,  C,  with  the  plane  of  the  disc  at  45°  to  the  plane  of  the 
coil.  If  the  coil  is  traversed  by  an  alternating  current,  this  creates 
induced  currents  in  the  disc,  and  it  tends  to  set  itself  in  a  position 
with  its  plane  more  nearly  parallel 
with  the  magnetic  field  of  the  latter. 

The  reason  for  this  is  because  a 
closed  conducting  circuit  having  induc- 
tance when  placed  in  an  alternating 
magnetic  field^  tends  to  set  itself  so  as 
to  deorease  as  much  as  possible  the 
magnetic  flux  perforating  through  it. 
The  proof  of  this  will  be  found  in  an 
article  on  "  Alternate  Current  Measure- 
ment," by  Dr.  W.  E.  Sumpner,  in  the 
Proceeding!  of  the  Royal  Societij,  series 
A.,  vol.  80.  p.  310.  1908. 

The  theory  of  this  suspended  disc 
dynamometer  has  been  given  in  another 
form  by  ProfesBor  G.  W.  Pieroe.'o 
Let  us  assume  that  the  disc  is  a  ring 
of  resistance  B,  and  inductance  L, 
~;  ~  "  „,  ,  .  and  held  in  the  centre  of  a  coil  of  N 
a™.»  i.7^!S£S;!  '"".."itb  it. .pU«.  "  J»  .-^e  4.  with 
that  of  the  coil.  Let  M  be  the  mutual 
inductance  between  the  coil  and  ring. 

Let  the  coil  be  traversed  by  alternating  currents  of  frequency  n=  — -, 

and  let  ^  and  i  be  the  currents  in  the  ring  and  coil  respectively  at 

any  time,  (.    Then  the  torque  P  acting  on  the  ring  is  F  =  ^i  -jj. 

The  current  in  the  coil  is  t  =  I  sin  pt,  and  the  E.M.F.  induced  in 
the  ring  is — 

rfM 
For  smaU  deflections  -rr-  =  0,  and  we  have — 

at 

Po  =  —  MIj»  COB  pt 
The  equation  for  the  current  in  the  ring  is  therefore— 


^+Rii,=  —Ulpoobpt 


where  6  =  tan-' 


□  Wirelera  Telegrkph  Circuite," 


(M 


HIGH  FBEQUENOT  ELEOTRIG  MEASUREMENTS       239 

Accordingly,  we  have  for  the  torque  at  any  instant — 

^      —  MI2p  sin  pt  COS  (pt  —  0)    dM. 
""  VR2+/?2L2~  dQ 

The  average  value  of  this  is — 

Wo  '^'^  ~      2(R2+^L2)  •  ^ 

Maxwell  has  given  an  expression  for  the  mutual  induction  of  two 
circles,  whose  planes  make  an  angle  <f>  with  each  other7^  From  this 
expression  it  is  found  that  if  the  centres  of  the  circles  coincide,  and 

their  planes  make  an  angle  of  45°,  we  have  ^ .  -^-r  =  — %cs^.    Hence, 

A     (Up  D^ 

if  there  are  N  turns  in  the  coil,  we  have  finally  as  the  expression  for 

the  average  torque  acting  on  the  ring — 

^  ^      L;;2I2        ttM/q^ 

where  r  and  r^  are  the  radii  of  the  circular  fixed  coil  and  suspended 
ring  respectively,  and  D  is  the  distance  from  the  centre  of  the  ring  to 
the  perimeter  of  the  fixed  coil.  The  least  value  D  can  have  is  there- 
fore r,  which  happens  when  the  centres  of  ring  and  coil  coincide. 

The  average  torque  on  the  ring,  and  therefore  its  deflecting 
moment,  is  proportional  to  the  square  of  the  current  in  the  coil  and 
proportional  to  the  square  of  the  frequency  for  the  same  instrument. 
If,  therefore,  the  frequency  is  constant,  and  if  the  ring  is  suspended 
by  a  fine  wire  or  quartz  fibre  so  that  the  restoring  torque  varies  as 
the  deflection  nearly,  the  deflection  will  measure  the  mean-square 
value  of  the  current  passing  through  the  cpils.  Professor  G.  W. 
Pierce  has  confirmed  this  conclusion  experimentally. 

With  certain  precautions,  therefore,  the  instrument  may  be  used 
to  measure  the  mean-square  value  of  trains  of  electric  oscillations. 

If  it  is  desired  to  construct  an  instrument  which  shall  act  merely 
as  an  indicator  of  alternating  current,  but  not  of  an  ammeter,  we  may 
suspend  within  a  coil  a  small  needle  of  soft  iron  by  a  quartz  fibre  or 
bifilar  suspension.  The  iron  needle  should  be  placed  with  its  axis  at 
45^  to  the  plane  of  the  coil.  When  alternating  currents  or  oscillations 
are  passed  through  the  coil,  the  needle  will  deflect,  and  its  deflections 
may  be  rendered  evident  by  attaching  to  it  a  small  mirror  as  usual. 

If  high  frequency  oscillations  are  to  be  detected,  the  needle  must 
not  be  a  thick  solid  piece  of  iron,  but  must  be  a  small  bxmdle  of 
extremely  fine  iron  wires,  each  one  of  which  is  insulated  from  the 
rest  by  shellac  varnish. 

14.  Hi^  Frequency  Potential  Measurements. — We  are  con- 
cerned in  making  two  distinct  potential  measurements  in  connection 
with  high  frequency  currents.  First,  we  may  require  the  maximum 
value  of  the  potential  difference  of  two  points  on  a  circuit  when  it  is 
*  traversed  by  electric  oscillations ;  or,  second,  we  may  wish  to  know  the 
root-mean-square  value  of  the  oscillation  between  the  same  points. 

'^  See  Maxwell's  *'  Electricity  and  Magnetism,'*  toI.  ii.  p.  808. 
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The  measurement  of  the  maximum  potential  is  best  made  by  observa- 
tions on  the  length  of  spark  which  such  potential  difference  will  create 
between  metallic  balls  of  equal  and  known  diameter.  We  have 
already  given  tables  of  the  dielectric  strength  of  air  for  various  spark 
lengths  and  spark-ball  sizes.  We  may  for  most  practical  purposes 
determine  the  maximum  value  of  the  potential  difference  between  two 
places  which  exceeds  4000  volts  or  so  by  attaching  to  these  points  the 
terminals  of  a  spark-ball  discharger,  the  distance  between  the  balls 
being  measurable  by  a  screw  with  divided  head.  These  balls  should 
be  clean  brass  balls  of  1  or  2  cms.  in  diameter,  so  that  we  may  avail 
ourselves  of  the  numerous  observations  which  have  been  made  on  the 
sparking  potential  for  various  distances  between  such  surfaces.  The 
curves  in  Fig.  43  are  plotted  from  the  figures  of  observations  taken 
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Fig.  43.— Spark  Voltages  for  Various  Spark  Lengths  and  Spark  Balls  of 

Various  Diameters,  d  cms. 


by  A.  Heydweiller  (see  Wkd,  Ann.,  1893,  vol.  48,  p.  234),  and  give  by 
inspection  the  voltage  between  spark  balls  varying  in  diameter  from 
0*5  cm.  up  to  5  cms.  or  2  inches. 

It  will  be  seen  that  the  smaller  the  ball  the  more  has  the  curve  a 
tendency  to  bend  over  so  as  to  become  parallel  to  the  axis  of  spark 
length.  Hence  there  is  an  advantage  in  the  use  of  large  spark  balls 
for  obtaining  high  charging  potentials  for  condensers,  since  the  spark 
voltage  for  a  given  spark  length  increases  within  a  certain  limit  with 
the  diameter  of  the  balls. 

The  following  table  gives  the  results  of  Heydweiller*s  observations  ^ 
on  spark  voltages  between  balls  of  various  diameters  and  for  spark 
lengths  between  1  and  16  mm.,  which  are  graphically  depicted  in 
Fig.  43 :— 
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TABISa  SHOWING  THE  MSASUBEMBirr  OF  SpARK  VOI/TAaBS  FOB  VARIOUS  LENGTHS 

OF  Spabk  taken  between  Spabk  Balls  of  Vabious  Diametbb  at  Nobmal 

AtMOBFBEBIC  PbBSBUBB  and  TeMPEBATUBE  by  HEYDWiilLLEB. 

V  =  spark  voltage. 

d  =3  spark-ball  diameter  in  oentimetres. 

I »  spark  length  in  millimdtres. 


d  =  6*0  cmB. 

«    d  =  2*0  cms. 

d  ss  1-0  cm. 

d  =0-5  cm. 

1 

I  in  mim. 
metres. 

vInTolts. 

{ in  mini, 
metres. 

V  in  volts. 

( in  mUli- 
metres. 

V  In  Tolts. 

I  in  mUli- 
metres. 

1 

V  In  voltf, 

5 

18,860 

1 

4,710 

1 

4,800 

4,880 

6 

21,600 

2 

8,100 

2 

8,870 

2 

8,870 

7 

24,540 

8 

11,870 

8 

11,870 

8 

11,840 

8 

27,380 

4 

14,490 

4 

14,550 

4 

18,770 

9 

80,090 

5 

17,490 

5 

17,810 

5 

15,720 

10 

82,850 

6 

20,870 

6 

19,920 

6 

17,190 

11 

85,580 

7 

28,250 

7 

22,050 

7 

18,800 

12 

88,810 

8 

26.040 

8 

24,090 

8 

19,020 

18 

41,010 

10 

81,290 

9 

25,590 

10 

20,190 

14 

48,680 

12 

85,490 

10 

27,000 

15 

22,820 

15 

46,280 

14 

88,640 

16 

48,660 

16 

41,280 

The  Table  on  p.  242  gives  the  spark  voltages  for  various  spark 
lengths  taken  between  bails  2  cms.  in  diameter.  The  figures  up  to 
1*5  cm.  are  taken  from  Heydweiller's  observations,  and  those  beyond 
from  observations  by  J.  Algermissen  and  given  on  the  authority 
of  Dr.  J.  Zenneck  (see  *<  Elektromagnetische  Schwingungen  und 
Drahtlose  Telegraphie,"  by  Dr.  J.  Zenneck,  Btuttgart,  1906). 

These  tables  provide  the  means  for  obtaining  the  spark  voltage 
from  the  measurement  of  the  spark  length  between  metallic  balls 
2  cms.  in  diameter,  but  must  not  be  applied  in  the  case  of  balls  much 
larger  or  smaller. 

Bailie  and  Paschen  have  also  made  experiments  on  the  spark 
voltage  for  different  lengths  of  spark  between  metal  balls  of  various 
diameters  in  air  at  atmospheric  pressure  and  temperature,^^  and  have 
shown  that  the  spark  potential  varies  considerably  with  the  size  of  the 
balls,  and  some  of  their  results  are  given  in  the  Table  on  p.  243,  and 
graphically  in  Fig.  44.  From  Heydweiller's  observations,  as  well  as 
those  of  Bailie  and  Paschen,  it  will  be  seen  that  up  to  a  spark  length 
of  4  mm.  the  variation  in  the  diameter  of  spark  balls  between  0*5  cm. 
and  6  cms.  makes  but  little  variation  in  the  spark  potential,  but  beyond 
this  length  the  spark  voltage  for  a  given  spark  length  rises  very  rapidly. 

"  See  Bailie,  Annates  de  Chemie  de  la  Physique  (5),  1882,  vol.  25,  p.  486. 
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Table  showing  the  Spabk  Voltage  between  Bbasb  Ballb,  2  cms.  in 

DiAMETEB,   FOB  VaBIOUB  SpABE  LENGTHS. 


Spark  length  in 
centlinetres. 


01 
0-2 
0-8 
0-4 
0-6 
0-6 
0-7 
0-8 
0-9 
10 
11 
1-2 
1-8 
1-4 
1-6 
1-6 
1-7 
1-8 
1-9 
20 
2-1 
2-2 
2-3 
2-4 
2-6 
2-6 


Spark  voltage. 


4,700 
8,100 
11,400 
14,500 
17,600 
20,400 
28,260 
26,100 
28,800 
81,800 
38,800 
85,600 
87,200 
88,700 
40,800 
41,300 
48,200 
44,700 
46,100 
47,400 
48,600 
49,800 
51,000 
52,000 
53,000 
54,000 


Spark  length  in 
oentlmetres. 


2-7 
2-8 
2-9 
80 
81 
8-2 
8-3 
3-4 
3-5 
8-6 
3-7 
3-8 
3-9 
4-0 
41 
4-2 
4-3 
4-4 
4-5 
4-6 
4-7 
4*8 
4-9 
5-0 
51 


Spark  Toltage. 


54,900 
55,800 
66,700 
57,500 
58,300 
59,000 
59,700 
60,400 
61,100 
61,800 
62,400 
68,000 
68,600 
64,200 
64.800 
65,400 
66,000 
66,600 
67,200 
67,800 
68,800 
68,800 
69,800 
69,800 
70,800 
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Tablb  showino  thb  Mbasubbhiint  of  Spabk  YoE/rAaB  fob  Vabious  Sfabk 
Lbngths  and  Spabk-ball  Diamxtbbs  in  Aib  at  NoBMAii  Pbbssube,  bt 
Baillb  and  Paschbn. 


Spark  voltage  for  balls  of  diameter. 

Spark  length  iu 

oentlnietret. 

, 

eCDM. 

acme. 

1  em. 

0*6  cm. 

01 

4,484 

4,600 

4,676 

4,660 

o-a 

7,680 

7,800 

6,040 

8,060 

0-3 

10,840 

10,980 

11,200 

11,200 

0-4 

18,900 

14,080 

14,290 

13,902 

0-6 

16,600 

16,600 

16,400 

15.975 

0-6 

19,670 

19,570 

19,670 

17,900 

0-7 

32,690 

22,140 

21,680 

19,266 

0-8 

26,400 

26,430 

iid,280 

20,325 

0-9 

29,980 

28,890 

24,000 

21,180 

1-0 

88,900 

81,410 

24,900 

21,714 

It  is  clear  on  comparing  all  the  results  given  for  spark  voltage 
that  there  are  very  sensible  differences  between  the  results  given  by 
various  observers  for  the  spark  voltage  for  given  lengths  of  spark  even 
between  balls  of  the  same  diameter. 

As  the  voltage  required  to  produce  a  spark  of  given  length  in  air  at 
ordinary  pressure  between  metal  balls  is  an  important  number,  we 
shall  collect  here  the  results  for  sparks  between  1  and  6  mm.  in 
length  as  given  by  various  observers. 

MM.  Bichat  and  Blondlot  have  measured  spark  voltages  for 
various  lengths  of  sparks  in  air  at  normal  pressure  taken  between 
metal  balls  1  cm.  in  oiameter. 

The  observations  made  by  T.  Gray  on  dielectric  strength  of  air 
{loe.  cU,)  between  metal  surfaces,  which  are  part  of  spheres  70  cms. 
in  diameter,  have  been  reduced  to  spark  voltages  for  the  stated  spark 
lengths.  Also  those  by  T.  W.  Edmondson  (loc.  cit.)  between  balls 
3  cms.  in  diameter,  and  observations  made  in  tne  Physical  Laboratory 
of  University  College,  London,  with  spark  balls  2*6  cms.  in  diameter. 
These  spark  voltages  for  various  spark  lengths  from  1  to  6  mm«  are 
set  out  below,  and  the  mean  of  ail  the  results  is  given  in  the  last  column. 


Spark  Toltaga  aooonling  to  obaenratlom  of— 

Spark  length 
in  air 

Meanreeolte. 

Bichat  and 

T.  Gwy. 

T.  W.  Edmond- 

University 

Blondlot. 

I 

4,765 

'           son. 

College. 

1  mni 

4,860 

1 

4,069 

5,161 

4,586 

2     ,. 

;        6,140 

7,560 

7,812 

6,181 

7,924 

8    „ 

'      11,807 

10,880 

11,400 

11,800 

11,210 

*  ,. 

14,119 

18,800 

15,000 

14,361 

14,320 

5    „ 

16,664 

16,800 

18,680 

17,421 

17,380 

6    „ 

19,210 

19,620 

22,290 

1 

1 

20,481 

20,400 

Heydweiller  {Joe.  eit,)  gives  a  table  of  collected  results  of  spark 
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voltages  for  different  spark  lengths  between  balls  0*5  cm.  in  diameter, 
He  quotes  from  the  following  memoirs : — 


• 


Gzermak,  Wim  Ber.  (2),  1888,  vol.  97,  p.  307. 

Freyberg,  Wied.  Arm.,  1889,  vol.  88,  p.  250. 

Paschen,  Wied.  Ann,,  1889,  vol.  37,  p.  69. 

BaiUe,  Ann,  Ckim,  et  Phys,  (5),  1882,  vol.  26,  p.  486. 

Biohat  and  Blondlot,  Jour,  de  Phys.  (2),  1886,  voL  6,  p.  467. 

Obermayer,  Wien  Ber.  (2),  1889,  vol.  100,  p.  134. 

Qoinoke,  Wied,  Ann,,  1888,  vol.  19,  p.  646. 

For  additional  information  we  must  refer  the  reader  to  these 
papers,  also  to  an  important  paper  by  Dr.  A.  Bussell  "  On  the 
Dielectrio  Strength  of  Air"  (Froc.  Phys,  Soc,  Lond.,  November,  1906), 
to  which  reference  has  already  been  made. 

The  results  of  observations  by  various  observers  who  have 
measured  the  spark  voltage  required  to  produce  a  spark  in  air  at 
normal  pressure  1  mm.  in  length  are  also  given  below  : — 

Spark  volUge  to  prodnoe 
1  mm.  spark  la  atr  at 
Observer.  normal  preflsnre.  Spark  enrfiuses. 

Lord  Kelvin 4000  volts  .  Slightly  carved  metal  plates. 

Masoart 6490  „  .  *  Metal  balls,  22  mm.  diameter. 

De  la  Bue  and  H.  Miller    .     .     .  4330  „  .  Metal  discs. 

Bichat  and  Blondlot     ....  4766  „  .  Metal  balls,  10  mm.  diameter. 

T.  Gray 4860  „  .  „        „       70  cms.       „ 

T.  W.  Edmondson 4069  „  .  „        „         8    „          „ 

Observations  at  University  College, 

London 5151  „  .  „        „         2-6  „         „ 

Mean  value  =  4597,  say  4600  volts. 

Hence  we  are  not  far  wrong  in  accepting  4600  volts  as  the 
approximate  value  of  the  electromotive  force  required  to  produce  a 
spark  1  mm.  in  length  between  metal  balls  about  1  inch  in  diameter 
in  air  at  normal  pressure  and  temperature. 

It  should  be  noted,  however,  that  as  the  balls  get  hot  by  sparks 
passing,  the  spark  voltage  for  a  given  length  decreases.  Hence  the 
above  figures  apply  only  to  cool  balls.  Moreover,  ultra-violet  hght 
falling  on  the  balls  will  greatly  decrease  the  spark  voltage  for  a  given 
length,  therefore  in  all  such  measurements  the  spark  micrometer 
balls  must  be  carefully  protected  from  the  light  of  other  sparks  or 
electric  arcs. 

The  above  figures  enable  us  to  tell  approximately  the  potential  to 
which  a  condenser  such  as  a  Leyden  jar  is  charged  when  it  yields 
a  spark  discharge  of  any  length  between  0  and  5  cms. 

The  second  kind'  of  potential  measurement  which  has  to  be  made 
is  that  of  the  root-mean-square  or  efifective  value.  This  is  accom- 
plished by  means  of  an  electrostatic  voltmeter  in  which  the  '*  needle  " 
is  connected  to  one  pair  or  set  of  quadrants.  Since  the  attraction 
between  the  fixed  and  movable  parts  varies  as  the  square  of  their 
potential  difference,  the  deflection  of  an  electrostatic  voltmeter  con- 
nected as  above  mentioned  measures  the  root-mean-square  (B.M.S.) 
value  of  the  potential  difference  of  its  own  quadrants. 

Hence  if  we  have  an  oscillatory  circuit  containing  a  spark  gap, 
and  apply  to  the  terminals  of  the  condenser  or  to  the  spark  balls 
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an  electrostatic  voltmeter,  we  can  find  from  the  spark  length  the 
maximum  voltage  Y,  and  from  the  voltmeter  reading  the  mean-square- 
voltage,  and  if  we  measure  also  the  capacity  and  inductance  in  the 
circuit,  we  have  at  once  the  means  of  calculating  the  frequency  n,  and 
therefore  the  logarithmic  decrement  of  the  oscillations,  as  we  shall 
show  in  the  next  chapter  (see  Chap.  III.). 

15.  Measnremeiit  of  Spark  Frequency. — Another  measurement 
frequently  required  is  that  of  spark  frequency.  If  an  inductance  coil 
or  transformer  is  connected  to  a  pair  of  spark  balls  which  are  short- 
circuited  by  an  inductance  and  condenser  in  series  with  one  another, 
then  oscillatory  sparks  pass  between  the  balls  when  the  potential 
reaches  a  value  corresponding  to  a  spark  length.  It  is  impossible 
to  calculate  the  power  being  given  to  the  condenser  circuit  unless  we 
know  how  many  of  these  trains  of  oscillations,  that  is,  how  many 
oscillatory  sparks  take  place  per  second.  It  is  not  possible  to  count 
these  sparks,  because  they  may  come  at  the  rate  of  even  50  or  100 
per  second.  Neither  can  we  assume  that  the  number  of  sparks  is 
equal  to  the  number  of  interruptions  of  the  primary  circuit  of  the 
inductance  coil  or  the  number  of  alterations  of  the  alternating  circuit 
if  a  transfoirmer  is  being  employed.  The  number  of  sparks  per 
second  may  be  less  or  more  according  to  circumstances.  Thus,  for 
instance,  if  an  alternating  current  is  being  employed  having  a 
frequency  of  50,  it  will  depend  upon  the  inductance  and  the  capacity 
in  the  oscillating  circuit,  and  upon  the  inductance  inserted  between 
the  secondary  circuit  of  the  transformer  and  the  spark  balls,  whether 
we  have  a  number  of  sparks  per  second  greater  than,  equal  to,  or  less 
than  the  number  of  alternations  per  second  with  the  alternating 
current  supplying  the  transformer.  The  author  has  therefore  devised 
the  following  appliances  for  measuring  spark  frequency. 

A  well-made  wooden  box  perfectly  light-tight  and  blackened  in 
the  interior,  with  a  door  on  one  side,  is  furnished  with  a  good  rapid 
rectilinear  camera  lens,  L,  at  one  side.  The  lens  tube  has  the  usual  iris 
diaphragm.  The  box  is  38  cms.  high,  38  cms.  wide,  and  25  cms. 
broad.  The  lens  tube  is  prolonged  by  another  tube  closed  at  the  end 
but  with  a  very  small  hole,  H,  in  the  cover.  In  the  interior  of  the  box 
is  a  train  of  clockwork,  W,  which  drives  round  a  vertical  shaft  about  18 
times  per  minute  (see  Fig.  45).  This  shaft  carries  a  cubical  block  of 
aluminium,  M,  to  the  four  sides  of  which  are  affixed  carefully  flatted 
glass  plates  silvered  on  the  surface.  This  cubical  mirror  is  so  placed 
that  it  receives  a  ray  passing  through  the  small  hole  in  the  collimator 
tube,  and  gathered  by  the  lens,  and  reflects  it  at  right  angles,  or  nearly 
so,  so  that  the  rays  falls  on  a  slit,  S,  in  the  side  of  the  box,  about  1  cm. 
wide  and  7  or  8  cms.  in  length.  Outside  the  box,  a  plate  carrier,  P, 
slides  down  in  grooves  in  such  fashion,  that  when  the  slide  is  drawn 
out  the  exposed  sensitive  plate  glides  past  the  sUt  in  the  box.  The 
same  clockwork  that  drives  round  the  cubical  mirrors  lowers  the 
photographic  plate  at  a  tmiform  rate  so  that  it  travels  over  the  slit. 

If,  then,  the  pinhole  in  the  end  of  the  collimator  is  illuminated 
intermittently  by  the  image  of  a  spark  thrown  on  it,  then  the  ray 
passing  through  the  lens  and  reflected  from  the  revolving  mirror  is 
brought  to  a  focus  on  the  photographic  plate  and  sweeps  across  it, 
imprinting  an  image  on  the  plate  at  intervals  depending  on  the 
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frequency  of  the  spark.    Four  times  in  each  revolution  of  the  block  M 
a  train  of  images  sweeps  over  the  gradually  falling  photographic 


Fig.  45.— Photographic  Spark  Counter.    (Fleming.) 

plate,  and  when  this  is  developed  we  find  it  covered  with  rows  of 
black  spots,  each  of  which  denotes  the  occurrence  of  a  spark  (see 
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Fio.  46. — Beoords  of  Photographic  Spark  Counter. 

Fig.  46  (b)).     It  is  clear  that  the  number  of  sparks  per  second  bears  a 
definite  relation  to  the  speed  of  revolution  of  the  mirror  and  to  the 
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angle  subtended  by  the  slit  at  the  muror,  and  to  the  speed  at  which 
the  photographic  plate  is  lowered  past  the  sUt  in  the  camera. 

It  is  convenient  to  have  a  mark  on  the  photographic  plate  carrier, 
and  a  scale  at  the  side  to  determine  the  time  T  taken  by  the  plate  to 
move  down,  say,  10  cms. 

Let  I  be  the  length  of  this  slit,  which  in  the  camera  designed  by 
the  author  is  7*9  cms.,  and  let  0  be  the  angle  in  degrees  which  this 

slit  subtends  at  the  mirror  surface.    Then  ^^^r  is  the  fraction  of  one 

complete  revolution  which  the  reflected  ray  turns  through  in  sweeping 
over  a  slit  of  length  L 

If  the  photographic  plate*  descends  a  distance  d  cms.  per  revolu- 
tion of  the  mirror  olock,  and  takes  a  time  T  seconds  to  descend  a 
distance  D  cms.,  then  the  time  taken  by  the  mirror  to  turn  through 

Td  Td 

one  revolution  is  -=-  and  to  turn  through  1°  is  K^iyRf  *°^  ^^  *^^"^ 

through  an  angle  0  is  •---^.    Hence  half  this  time,  or  -      ^^,  is  the 

time  taken  for  the  ray  to  sweep  over  the  slit  of  length  L    Hence  the 

time  interval  t  corresponding  to  a  length  of  1  cm.  on  the  photographic 

Tdd 
plate  is  ^  =  TfYfcfi  seconds  =  CT.    If,  then,  there  are  N  spark  images 

N 
on  the  plate  in  M  rows,  the  average  number  per  row  is  ^,  and  the 

WM 
average  space  interval  in  cms.  between  images  is    ^  ,  where  W  is 

WMCT 
the  width  of  the  plate  in  cms.     Therefore  — =^ —  is  the  average  time 

N 
interval   in  seconds  between  the  sparks,  or  xttxtt^fh  is  the  spark 

^  MWCT 

frequency. 

in  the  spark  counter  constructed  by  the  author,  the  constant  C  is 

equal  to  0-00102,  or  very  nearly  —^^y  and  the  spark  frequency  n  is 

given  by  the  formula — 

Total  number  of  spark  images  on  plate 

"^  number  of  rows  of  images  x  0*00102  T  X  779 

__  1000      Number  of  spark  images  on  plate 

8T  number  of  rows  of  images 

The  formula  is  checked  by  the  following  device.  On  the  shaft  of  an 
electric  motor  is  placed  a  ^heet  tin  disc  2  feet  in  diameter  having 
four  holes  an  inch  in  diameter  near  the  edge  at  quadrantal  positions. 
Behind  the  disc  is  placed  a  small  arc  lamp,  so  that  the  light  shines 
through  these  holes.  When  the  motor  is  set  in  revolution  with  a 
speed  of  3000  B.M.P.,  and  its  speed  carefully  determined  with  a 
tachometer,  we  have  flashes  of  light  emitted  by  the  arc  through  the 
holes  at  the  rate  of  about  200  per  second.  If  we  treat  these  flashes 
as  if  they  were  sparks  and  photograph  them  with  the  spark  counter, 
we  then  find,  on  developing  the  plate,  a  number  of  black  dots,  which 
are  the  images  of  the  collimator  hole  intermittently   illuminated  by 
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the  flashes  coming  at  a  known  rate  per  second.  On  applying  the 
formula  given  above  to  calculate  the  number  of  flashes  from  the 
number  of  images,  we  find  an  agreement  with  the  actual  number 
within  1  per  cent.  Such  a  control  plate  gives  us,  therefore,  the 
means  of  confirming  the  accuracy  of  the  formula  and  testing  the 
photographic  counter. 

When  such  a  spark  counter  is  used  to  photograph  the  oscillatory 
spark  at  the  spark  balls  of  a  radiotelegraphic  transmitter,  we  find 
that  the  results  are  extraordinarily  different  according  to  the  nature 
of  the  potential  generator  used,  whether  induction  coil  or  transformer 
— also  on  the  nature  of  the  interrupter  if  a  coil  is  used,  and  especially 
upon  the  length  of  the  spark  gap,  and  whether  it  has  an  air  blast 
applied  to  it  or  not. 


CHAPTER  III 

DAMPING  AND  RESONANCE 

1.  The  Logarithmio  Deorement  of  Eleotrto  Osoillations  and  the 
Damping. — We  have  seen  that  when  electric  oscillations  are  excited 
in  a  cu:cuit  having  resistance,  inductance,  and  capacity,  by  permitting 
a  sudden  discharge  to  take  place  across  a  spark  gap  in  it,  we  have 
produced  in  the  circuit  high  frequency  alternating  currents  which 
continually  decay  in  amplitude,  thus  constituting  a  train  of  damped 
oscillations. 

This  decay  may  arise  from  several  causes,  acting  singly  or 
together,  but  is  essentially  dependent  upon  some  action  which  dissi- 
pates the  initial  energy  imparted  to  the  condenser. 

We  shall  consider  first  the  simplest  case. 

Let  the  circuit  be  a  closed  inductive  circuit  of  constant  resistance, 
the  capacity  in  it  consisting  of  a  condenser,  the  plates  of  which  are 
very  near  together.  Also  let  the  capacity  and  inductance  have  such 
values  that  the  periodic  time  of  a  free  oscillation  in  the  circuit  is  large, 
compared  with  the  time  taken  by  an  electric  impulse  to  travel  round 
the  circuit.  Since  this  velocity  is  the  same  as  the  velocity  of  light, 
the  above  condition  is  fulfilled  when  the  length  of  the  circuit  does  not 
exceed  a  few  metres,  and  the  natural  periodic  time  is  something  of 
the  order  of  a  millionth  of  a  second.  Under  the  above  circumstances 
the  method  of  investigation  apphed  in  Chap.  I.  §  5  to  the  discharge 
of  a  condenser  is  vahd.  This  is  the  case  for  most  oscillatory  circuits 
likely  to  be  employed  in  practice.  Then  let.G  be  the  capacity  in 
the  circuit,  L  the  inductance,  and  B'  the  high  frequency  resistance  of 
the  circuit  employed. 

The  inductance  and  capacity  can  be  measured  or  calculated,  and 
the  frequency  is  then  very  approximately  determined  by  the  ex- 
pression— 

"  =  2,s70L ^'^ 

In  this  equation  G  and  L  must  both  be  measured  in  consistent 
units — ^that  is,  in  farads  and  henrys,  or  both  in  electro-magnetic  units. 
If  C  is  measured  in  microfarads  and  L  in  centimetres,  then,  as  already 
shown — 

5  X  10«  ,_- 

"=  VOL ^'^ 

It  is  convenient  to  measure  G  and  L  in  these  last-named  units  in 
practice. 
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The  quantity  \/GL  is  then  called  the  oscillation  constant  of  the 
circuit,  and  varies  inversely  as  the  frequency,  for — 

n 

Thus,  if  the  oscillation  constant  has  a  value,  say,  10,  this  means 
that  the  product  of  the  numbers  representing  the  capacity  reckoned 
in  microfarads  and  the  inductance  in  centimetres  is  100. 

If  we  denote  the  current  in  the  circuit  at  any  instant  by  i,  then 
it  has  been  shown  in  Chap.  I.  §  2  that  we  may  express  %  as  a 
function  of  the  time  by  the  equation — 

t  =  Ic-**sinjt?< (3) 

where  a  stands  for  ^^  and  I  is  some  constant. 

If  in  this  equation  we  put  successively,  as  on  page  4 — 

we  obtain  the  values  of  the  successive  maximum  currents,  I^,  Ig,  Is^ 
etc.,  in  opposite  directions,  where  ^  =  tH,n~^p/a, 

If  we  take  the  ratios  of  these  successive  maxima,  we  have — 

T        T        T  ^ 

Ji  =  ;«  =  J?,  etc.  =  €« (4) 

^2        -"^S        ^4 

The  quantity  a  is  called  the  damping  factor f  an'd  -^  =  ^    =  j-^ 

is  denoted  by  3,  and  is  called  the  logarithmic  decrement  of  the  oscillations 
per  half  period.    Accordingly — 

^2        H        ^4 

or    8  =  log,  j^  =  log*  J*,  etc (6) 

2  S 

The  damping  factor  a  is  a  quantity  the  dimensions  of  which  are 
those  of  the  reciprocal  of  a  time,  whilst  the  logarithmic  decrement  is 
a  mere  numeric. 

The  logarithmic  decrement  is  here  defined  to  be  the  Napierian 
logarithm  of  the  ratio  of  two  successive  maximum  currents  or  oscilla- 
tions in  opposite  directions.  It  is  usual,  however,  to  follow  the  example 
of  Bjerknes,  and  define  the  decrement  to  be  the  logarithm  of  the 
ratio  of  two  successive  maximum  oscillations  in  the  same  direction ; 
that  is,  separated  by  an  interval  of  one  period,  instead  of  one  half- 
period.  In  interpreting  formulsB  in  which  a  symbol  for  the  decrement 
occurs,  it  is  necessary  to  notice  whether  the  writer  takes  the  decre- 
ment to  be  defined  as  the  natural  logarithm  of  two  successive  oscilla- 
tions in  the  same  or  in  opposite  directions,  since  the  decrement  in  the 
former  case  is  double  that  in  the  latter. 

The  quantity  e     is  called  the  damping  of  the  oscillations,  and  is  the 

ratio  of  one  maximum  to  the  one  preceding  it  in  the  opposite  direction. 

If  the  circuit  contains  no  spark  gap,  and  is  a  nearly  closed  or 
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non-radiative  circuit,  the  logarithmic  decrement  is  a  constant  deter- 
mined by  the  capacity,  inductance,  and  resistance  of  the  circuit. 

The  successive  maximum  values  of  the  currents,  or  potential 
differences  of  any  two  points,  decrease  in  accordance  with  an  ex- 
ponential law,  and  the  logarithmic  decrement  can  be  calculated  at 
once,  when  we  know  the  inductance,  resistance,  and  capacity  in  the 
circuit. 

R'  1 

For  since  8  =  ,  ^ ,  and  since  n  =  - — 7>-=-,  we  have  the  value  of 

the  logarithmic  decrement  for  the  closed  non-radiative  circuit  given 
by  the  expression — 

The  value  of  the  high  frequency  resistance  B/  can  be  calculated 
from  the  ordinary  or  ohmic  resistance  by  the  formulas  already  given 
(see  Chap.  II.  §  1),  when  we  know  the  frequency,  provided  the  wire 
is  approximately  straight  or  bent  into  a  curve  of  large  radius. 

The  cases,  however,  in  which  we  can  apply  the  above  expres- 
sion (6)  are  not  numerous,  since  most  nearly  closed  oscUlatory 
circuits  for  which  we  wish  to  know  the  decrement  contain  a  spark 
gap,  the  resistance  of  which  is  not  constant,  or  else  are  wound  in 
spirals,  and  in  addition  we  have  in  the  case  of  all  open  circuits  a  loss 
of  energy  due  to  electro-magnetic  radiation,  producing  a  damping  of 
the  oscilLfttions  far  exceeding  that  due  to  true  resistance  alone. 

Furthermore,  it  must  be  noticed  that  when  two  circuits  are  coupled 
together  inductively  the  establishment  of  an  electric  oscillation  in  one 
circuit  creates  an  induced  oscillation  in  the  other.  Hence,  even  if  the 
secondary  circuit  is  a  closed  non-radiative  circuit  without  spark  gap, 
its  logarithmic  decrement  is  increased  by  the  mere  fact  of  the  proximity 
of  the  primary  circuit,  on  which  the  secondary  circuit  exercises  a 
reciprocal  inductive  action. 

2.  The  Mean-square  and  Root-mean-aqnare  Yalne  of  a  Train 
of  Oscillations. — Let  i  denote  the  current  in  a  circuit  at  any  time,  t, 
after  the  conmiencement  of  a  train  of  oscillations  in  it  having  a 
frequency  n.  Let  8  stand  for  the  logarithmic  decrement  per  semi- 
period.  Then,  assuming  that  8  is  a  small  quantity  in  comparison 
with  TT,  it  follows  from  equation  (4)  of  Chap.  I.  that  the  current  can 
be  expressed  as  a  function  of  the  time  in  the  form — 

i  =  I^^/^€-<^  sin  pt (7) 

In  this  expression  7^  stands  for  the  first  maximum  value  of  the 

T 
oscillations  which  occurs  at  a  time  t  =  -r  rockoned  from  initial  zero. 

If  we  square  equation  (7)  we  obtain — 

t«  =  /iVc-2«*8m^jr?^ (8) 

which  gives  us  an  expression  for  the  square  of  the  instantaneous 
value  of  the  current.  Suppose  that  an  electric  oscillation  is  passed 
through  a  very  thin  wire  or  electrolytic  conductor,  of  which  the  high 
frequency  resistance  is  the  same  as  its  steady  or  ohmic  resistance,  B, 
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then  the  rate  at  which  heat  is  generated  at  any  instant  is  given  by  the 
expression — 

R»2  =  R/i2c«c-2a<sin2jf?^ (9) 

We  cannot  easily  measure  the  instantaneous  rate  of  evolution  of  heat, 
but  if  we  allow  a  series  of  trains  of  oscillations  at  the  rate  of  N  per 
second  to  pass  through  the  conductor,  there  will  be  a  certain  steady 
rate  of  production  of  heat,  which  is  measured  by  the  mean  value  of 
the  quantity  Bi^^  taken  at  numerous  equidistant  intervals  during  the 
second. 

It  is  important,  therefore,  to  determine  an  expression  for  the  mean 
value  of  the  square  of  the  currents  forming  a  train  of  electric 
oscillations. 

The  mean  value  of  the  square  of  the  currents  taken  at  equidistant 
intervals  of  time  during  an  oscillation  is  called  the  mean-sqiiare  value 
of  the  current  (M.S.  value).     " 

The  mean-square  (M.S.)  value  of  the  oscillations  when  multiplied 
by  the  effective  resistance  of  the  circuit  gives  us  the  average  rate  of 
production  of  heat  in  the  circuit  or  the  dissipation  of  energy  in  it. 

If  there  are  N  of  these  trains  of  oscillations  per  second,  then,  since 
each  oscillation  is  completed  in  a  small  fraction  of  a  second,  we  can 
say  that  the  mean  value  of  the  square  of  •  during  one  second  of  time 

is  given  by  the  integral — 

rco        (1) 
J2=:N/     t^dt 

Hence,  to  obtain  this  mean -square  current  we  have  to  find  the 
value  of  the  integral — 


/:.--.!..„. ^■r.-e^fi*') 


dt 


or  of     r  ^€'^dt  —  f    ^e"^  cos  2pt .  dt 

A  reference  to  any  treatise  on  the  integral  calculus  will  show 
that — 

fnx  J         nz/n  cos  mx-^-m  sin*7w«\ 

Hence  we  have — 

If,  therefore,  we  denote  by  J  the  root-mean-square  value  2  (R.M.S. 
value)  of  the  N  groups  of  oscillations  per  second,  so  that  J  is  defined 
by  the  integral — 


^=\/^/r*^* 


^  By  some  writers  the  mean-square  value  of  the  current,  or  the  value  of  the 
integral  J^,  is  called  the  integral  value  of  the  oscillations  or  of  the  oscillation 
train. 

'  The  expression  root-mean-square  value  (B.M.S.  value)  is  an  abbreviation  for 
the  long  expression,  **  the  value  of  the  square  root  of  the  mean  of  the  squares  of 
the  currents  or  electromotive  forces  taken  at  numerous  equidistant  intervals  of 
time  throughout  a  single  period,  or  of  the  time  of  a  train  of  oscillations." 


DAMPING   AND  BE80NANCE  253 

and  if  i  denotes  the  current  at  any  time,  t,  such  that — 

i=zI^^/^€-^  sin  pt 
we  have — 

J2  =  N7i2^8  r  c -^  sin2 pt,dt    .     .     .    (10) 

Substituting  in  (10)  the  proper  value  of  the  definite  integral  as 
given  above,  we  have — 

Now  p  =  27m  and  a  =  2w8,  hence — 

j?2 1 

g 

In  all  practical  cases  -  is  a  quantity  not  greater  than  0*1,  and 

often  as  small  as  0*01.     Hence,  in  those  cases  in  which  —  is  small 

compared  with  unity,  we  can  say  that  the  mean-square  value  of  the 
oscillations  having  N  trains  per  second  is  given  by — 

SnS  4a 

If  the  oscillations  are  not  strongly  damped,  which  is  the  case  for 
a  nearly  closed  oscillatory  circuit  when  the  high  frequency  resistance 

B'  is  small  compared  with  4nL  for  that  circuit,  then  the  quantity  ^  is 
nearly  unity,  and  the  value  of  the  mean-square  current  J2  lor  N  trains 
of  oscillations  per  second  is — 

4a 
Hence    J=^^.J^ (11) 

The  root>mean-square  current  J  is  therefore  proportional  to  the 
first  maximum  value  of  the  oscillations,  and  to  a  factor  which  depends 
upon  the  number  of  trains  of  oscillations  per  second  and  the  damping 
factor  of  each  train. 

It  has  been  already  shown  (see  Chap.  I.  §  5,  equation  17)  that 
if  a  condenser  of  capacity  G  is  charged  to  a  potential  V,  and  then  dis- 
charged through  an  inductive  circuit,  the  current  i  at  any  time,  t, 
reckoned  from  the  instant  when  the  discharge  commences,  is  given  by 
the  expression — 

t  =  CpVc-**  sin  ^^ (12) 

(Comparing  together  equations  (10)  and  (12),  we  see  that — 

CpV=/i€«/2 (13) 
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Hence,  substituting  in  equation  (11),  we  have — 

If  the  capacity  C  and  inductance  L  are  measured  in  absolute  measure, 
then  »2  =  =pp-,  and  therefore — 

"^  =   4svir    •••■•••  (14) 

from  which  we  have — 

If  the  above  equation  (15)  is  compared  with  (6),  it  will  be  seen  that 
they  differ  only  in  that  the  quantity  B'  in  the  latter  is  replaced  by 

NV20 
the  quantity  ..^  in  the  former.  The  energy  stored  in  the  con- 
denser at  each  charge  is  measured  by  ^GV^,  and  if  there  are  N  dis- 
charges per  second,  which  all  expend  themselves  in  heating  the 
circuit,  having  high  frequency  resistance  R',  the  R.M.S.  value  of  the 
current  being  J,  we  must  obviously  have  the  equation  R'J2  =  1NCV2. 
Hence  (16)  can  be  reduced  from  (6)  merely  by  the  appUcation  of  the 
principle  of  conservation  of  energy. 

S.  Determmation  of  the  Namber  of  Oscillations  by  the  aid 
of  the  Deorement. — A  knowledge  of  the  value  of  the  logarithmic 
decrement  of  the  oscillations  taking  place  in  any  circuit  enables  us  to 
calculate  the  number  of  oscillations  of  current  or  potential  which  take 
place  before  their  maximum  value  is  reduced  in  any  assigned  ratio  and 
the  oscillations  practically  extinguished.  If  we  consider  the  decre- 
ment to  be  constant,  and  I^  to  denote  the  first  maximum  oscillation 
and  /»  the  with,  then — 

^i  =  c(^-l)8 (16) 

Hence  log,  y^  =  (w  -  1)8 (17) 

and  from  this  last  equation  (17)  we  can  determine  m  when  we  have 
selected  any  desired  ratio  for  -j^.  Thus,  let  us  suppose  that  the  oscil- 
lations  are  to  be  considered  as  extinguished  for  all  practical  purposes 
when  ~  =  100,  that  is,  when  the  last  is  only  1  per  cent,  of  the  first. 

We  have  then — 

4-606  +  8 
^  = f^ (18) 

Thus  if  8  =  0015  we  have  m  =  308. 

This  gives  us  the  number  of  semi-oscillations  which  elapse  before  the 
maximum  value  of  the  oscillation  is  reduced  to  1  per  cent,  of  its 
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initial  or  first  maximum  value.     In  this  case,  therefore,  154  complete 
oscillations  would  constitute  the  wave  train  for  all  practical  purposes. 

On  the  other  hand,  if  8  =  0*4  we  find  that  m  =  12*5,  and  not  more 
than  half  a  dozen  complete  oscillations  would  then  take  place  before 
the  oscillation  train  had  subsided. 

In  any  case,  therefore,  where  we  have  the  means  of  counting 
the  actual  number  of  oscillations  which  take  place,  we  can  assign  an 
approximate  value  to  the  logarithmic  decrement.  Conversely,  if  we 
find  such  a  value  as  0*3  or  0*4  for  the  decrement,  we  know  that  it 
means  that  the  oscillations  are  extinguished  after  about  half  a  dozen 
periods ;  whereas  if  the  decrement  is  as  low  as  0*02  or  0*01,  we  infer 
that  some  hundreds  of  complete  oscillations  constitute  a  train.  In 
some  circuits  as  many  as  1000  complete  oscillations  may  take  place 
in  a  single  group,  and  in  others  hardly  more  than  two  or  three,  if  an 
impulsive  electromotive  force  is  applied  and  the  circuit  then  left  to 
itself. 

4.  Praotioal  Detepmination  of  the  Logarithmio  Deoremeiit  of 
Eleotrio  Osoillatioiis. — It  will  be  seen  from  the  previous  sections 
that  the  practical  determination  of  the  logarithmic  decrement  for  any 
oscillatory  circuit  and  for  certain  types  of  circuit  is  an  important 
matter,  since  the  physical  effects  which  arise  in  many  cases  depend 
in  large  degree  upon  the  duration  of  the  train  of  oscillations  or  number 
of  complete  oscillations  in  a  group  or  wave  train. 

The  majority  of  oscillating  circuits  for  which  we  desire  to 
predetermine  the  logarithmic  decrements,  have  a  spark  gap  in 
them. 

It  has  been  shown  by  Dr.  J.  Zenneok  ^  that  when  an  oscillating 
circuit  contains  a  spark  gap  the  simple  exponential  law  of  decay  no 
longer  holds  good,  and  the  logarithm  of  the  ratio  of  successive  maxima 
is  no  longer  constant.  The  decadence  of  the  maxima  is  then  approxi- 
mately represented  by  a  straight  Une  and  not  by  a  logarithmic  curve. 
This  is  equivalent  to  a  continual  increase  in  the  logarithmic  decrement 
as  the  oscillations  decrease.  Hence  if  we  assign  such  a  value  of  the 
logarithmic  decrement  as  to  fit  the  slope  of  the  straight  line  at  each 
point,  this  value  increases  with  time  as  the  amplitude  dies  away. 
This  arises  from  the  fact  that  the  resistance  of  the  spark  increases  as 
the  amplitude  of  the  oscillations  decays. 

Each  successive  oscillation  is  a  Httle  smaller  than  it  would  be  if 
they  diminished  strictly  according  to  a  logarithmic  law.  Accordingly 
we  can  no  longer  predetermine  the  logarithmic  decrement  by  calcula- 
tion, but  must  arrive  at  it  by  experiment. 

Experimentalists  have,  however,  generally  assumed  that  the 
decrement  is  constant,  and  that  the  decay  of  oscillations  follows  an 
exponential  law. 

The  important  matter  is  to  determine  the  mean  value  of  the 
decrement.  Generally  speaking,  the  greater  part  of  the  whole  resist- 
ance of  such  oscillatory  circuits  as  are  used  in  wireless  telegraphy  is 
located  in  the  spark  gap,  and  a  somewhat  erroneous  assumption  is 
made  if  the  resistance  of  the  spark  is  taken  as  constant  throughout 
the  duration  of  a  train  of  oscillations. 

*  See  J.  Zenneok,  Ann.  der  Physik,  March,  1904,  vol.  13,  p.  822 ;  or  Science 
AhitraeU,  July,  1904,  toI.  7,  A. 
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If,  however,  as  a  first  approximation,  we  agree  to  take  the  spark 
resistance  as  constant,  then  several  methods  present  themselves  by 
means  of  which  we  may  determine  experimentally  the  logarithmic 
decrement  for  non-radiative  circuits  containing  a  spark  gap. 

1st.  We  may  find  the  ratio  between  two  successive  maximum 
currents  or  oscillations  in  opposite  directions.     This  will  give  us  the 

value  of  €*,  from  which  8  can  be  determined. 

2nd.  We  may  find  the  ratio  between  the  square  of  the  first 
maximum  potential  difference  or  current  and  the  mean  of  the  squares 
of  all  the  potential  differences  or  currents  during  a  train.  This,  as 
shown  below,  will  give  us  the  value  of  SnS, 

3rd.  We  may  find  the  resistance  of  the  spark  independently  of  the 
rest  of  the  circuit,  and  then  if  L  is  the  high  frequency  inductance,  and 
B'  is  the  high  frequency  resistance  of  the  metallic  part  of  the  circuit, 
and  r  the  resistance  of  the  spark,  we  may  determine  the  value  of  8 
corresponding  to  r  from  the  equation — 

where  n  is  the  corresponding  frequency  of  the  oscillations. 

The  first-named  method  of  determining  the  logarithmic  decrement 
was  suggested  by  Sir  Ernest  Butherfo^  in  an  important  paper.^ 
The  process  of  measurement  is  as  follows :  Consider  two  similar  coils 
of  wire,  A  and  B,  placed  in  series  in  a  discharge  circuit.  Let  these 
coils  be  wound  in  opposite  directions.  Let  two  similar  steel  needles 
magnetized  to  saturation  be  placed  in  the  coils  A  and  B,  their  north 
poles  facing  in  the  same  direction.  If  then  a  train  of  electric  oscilla- 
tions is  created  in  these  coils  by  discharging  a  condenser  through 
them,  it  will  be  found  that  the  reduction  of  magnetic  moment  of  the 
needles  is  not  the  same  in  both  cases.  Let  i^,  I^,  I^,  etc.,  be  the 
maximum  oscillations  of  the  discharge  in  the  one  direction,  and  72,  I^, 
/q,  etc.,  be  the  maximum  oscillations  in  the  opposite  direction.  Then 
suppose  that  the  half -oscillation  /^  is  in  such  a  direction  als  to  increase 
the  magnetization  of  the  needle  in  the  solenoid  A,  the  needle  in  the 
coil  A,  being  already  saturated,  will  have  no  magnetic  effect  produced 
upon  it  by  this  first  oscillation.  The  second  oscillation,  I^,  in  the 
opposite  direction,  however,  demagnetizes  the  surface  skin,  and 
the  third  oscillation,  I^,  tends  to  remove  the  effect  of  the  second,  and 
so  forth. 

In  the  solenoid  B,  the  first  half -oscillation,  7^,  is  in  such  a  direction 
that  it  demagnetizes  the  needle,  and  the  second,  /£,  tends  to  re- 
magnetize  it  in  its  original  direction,  and  so  on. 

Since  the  maximum  value  of  the  first  oscillation,  /^^is  greater  than 
that  of  the  second  oscillation,  /g,  and  the  third  greater  than  the  fourth, 
and  so  on,  the  needle  in  the  coil  B  will  be  more  demagnetized  than 
that  in  A.  If,  however,  we  increase  the  number  of  turns  per  centi- 
metre on  the  coil  A,  until  the  magnetic  effects  on  the  two  needles  are 
exactly  the  same,  then  assuming  that  the  values  of  the  currents  de- 
crease in  geometrical  progression,  the  maximum  value  of  the  magnetic 
force  due  to  the  oscillation  I2  acting  on  the  needle  in  the  coil  is  equal  to 

*  See  Sir  £.  Butherford,  **  On  a  Magnetic  Detector  of  Electric  Waves  and 
some  of  its  Applications,"  Phil,  Trans,  Bay,  Soc,  Lond.,  A.,  1897,  vol.  189,  p.  1. 
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the  mazimam  value  due  to  the  oscillation  I^  on  the  needle  in  ooil  B. 
Since  the  sum  of  a  geometrical  progression  is  proportional  to  its  first 
term  and  to  a  function  of  its  common  ratio,  it  follows  that  the  sum  of 
/j  —  /s  +  ^8  —  A  +  ®^-  is  to  the  sum  of  I^  —  /s  +  /i  —  /s  +  ©tc.  in 
the  ratio  of  /^  to  I^,  and  hence  the  resultant  effect  of  the  entire  train 
of  oscillations  in  demagnetizing  the  steel  needles  is  in  each  case 
proportional  to  the  magnitude  of  the  first  effective  demagnetizing 
osculations.  The  statements  above  made  follow,  therefore,  as  a  con- 
sequence of  this  fact. 

Let  Nj  and  N2  be  the  number  of  turns  per  centimetre  of  length 
which  must  be  put  on  the  two  coils  A  and  B  respectively  to  make 
their  demagnetizing  effects  equal. 

Then     ^tt^J^  =  ^irl^J^, 
Therefore      ^  =  ^ 

Hence  we  have  by  definition — 

8  =  log.  i.  108,51 

and  the  logarithmic  decrement  is  determined  from  the  logarithm  of 


Fia.  1.— Rutherford's  Method  of  measuring  the  Decrement  of  Eleotrio 

OsciUations. 

the  ratio  of  the  turns  per  centimetre  of  length  of  the  two  coils.    The 


N. 


damping  e   '  is  then  equal  to  the  ratio  ^. 

Instead  of  employing  two  separate  solenoids  or  coils,  a  more 
convenient  plan  was  adopted  by  Sir  E.  Butherford.  A  narrow 
piece  of  sheet  zinc,  ABC  (see  Fig.  1),  was  bent  into  an  almost  com- 
plete circle,  7  cms.  in  diameter.  This  was  fixed  upon  a  block  of 
ebonite.  At  the  centre  of  the  circle  a  thin  glass  tube,  OM,  was  placed, 
which  serves  as  the  axis  of  a  metal  arm,  LM,  which  pressed  against 
the  circumference  of  a  circle  and  could  be  moved  round  it.  The 
magnet  consisted  of  about  30  very  fine  steel  wires  0*003  inch  in 
diameter,  made  into  a  compound  magnet  1  cm.  long.  The  wires 
were  insulated  from  each  other  by  shellac  varnish,  and  the  small 
needle  was  fixed  inside  a  thin  glass  tube  which  could  be  easily  slipped 
in  and  out  of  the  central  glass  tube,  OM.  Bound  the  circumference  of 
the  zinc  circuit  was  placed  a  divided  scale,  and  the  whole  arrangement 
was  placed  in  position  before  a  small  mirror  magnetometer.    The 

8 
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magnetized  needle  was  then  magnetized  to  saturation  and  placed  in 
position  in  the  centre  of  the  circular  strip,  and  its  action  on  the 
magnetometer  was  compensated  by  another  magnet.  An  oscillatory 
discharge  in  the  right  Erection  was  then  passed  round  the  circular 
circuit  and  a  defloction  of  the  magnetometer  was  observed,  due  to 
the  partial  demagnetization  of  the  detector  needle.  The  detector 
needle  was  then  removed  and  magnetized  again  to  saturation. 

Since  the  magnetic  field  H  at  the  centre  of  a  circle  due  to  an  arc 
of  length  I  is  given  by  the  expression — 

H  =  « 

where  a  is  the  radius  of  the  circle  and  I  the  current  in  it,  we  see  that 
the  magnetic  force  acting  on  the  magnetic  needle  is  proportional  to 
the  length  of  the  arc  traversed  by  the  discharge. 

A  series  of  observations  showed  that  the  deflection  of  the  magneto- 
meter was  approximately  proportional  to  the  magnetic  force  acting 
on  the  needle,  provided  the  magnetic  force  was  well  below  the  value 
required  to  completely  demagnetize  the  steel.  To  determine  the 
damping  of  the  oscillations,  a  discharge  was  passed  in  such  a  direction 
as  to  partly  demagnetize  the  needle  and  the  deflection  of  the  magneto- 
meter noted.  The  magnetic  detector  was  then  removed,  magnetized 
to  saturation  and  replaced,  and  a  discharge  passed  in  the  opposite 
direction,  and  by  various  trial  experiments  the  length  of  the  effective 
arc  of  the  circular  circuit  through  which  the  discharge  passed  was 
adjusted  in  each  case  until  the  deflection  was  the  same.  When  this 
was  the  case  the  ratio  of  the  lengths  of  these  arcs  was  proportional 
to  the  maximum  values  of  the  first  and  second  oscillations.     The 

damping  €~'  is  then  equal  to  the  ratio  of  the  lengths  of  the  arcs  of 
the  circular  circuit  employed  in  the  two  experiments. 

In  this  way  the  rate  of  decay  of  oscillations  in  many  circuits  was 
examined  when  the  circuit  contained  a  very  short  spark  gap  and  the 
discharge  circuit  consisted  of  copper  wires.  It  was  found  that  the 
damping  in  this  case  was  hardly  appreciable.  If,  on  the  other  hand, 
the  copper  wires  were  replaced  by  iron  wires,  then  the  damping  rose 
to  a  large  value  and  it  also  increased  as  the  length  of  the  spark  gap 
increased,  although  not  in  the  same  proportion.  The  reason  for  this 
increase  in  the  damping  when  iron  wire  is  used  is  the  absorption  of 
energy  due  to  the  magnetization  losses.  The  oscillatory  current  is 
practically  confined  to  the  surface  of  the  conductor,  but  it  does 
penetrate  sufficiently  into  the  iron  to  effect  a  certain  degree  of 
magnetization,  and  involves,  therefore,  some  amount  of  hysteretic 
energy  loss.  If  the  iron  wire  is  electroplated  with  copper  or  is  gal- 
vanized, then  it  is  found  that,  as  regards  damping,  the  wire  becomes 
practically  identical  with  a  solid  copper  or  sohd  zinc  wire.  The 
following  table  of  observations  by  Sir  E.  Eutherford  {loc,  cit.)  gives 
the  results  of  experiments  made  with  spark  gaps  of  various  lengths 

in  a  copper- wire  circuit,  and  shows  the  corresponding  damping  c~ 
and  the  total  resistance  B  of  the  spark  gap  and  circuit  calculated 
from  the  formula — 

E  =  4wL8 
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Difloharge  circuit  rectangular  and  made  of  copper  wire,  184  cms.  by  90  cms.  ; 
inductance  of  circuit,  L  =  7400  cms. ;  capacity,  O  =  2000  electrostatic  units ; 
frequency  =  1*26  million  per  second. 


The  damping*  or  ratio  of 

Length  of  ajpark  gap 

in 

two  flnt  oadllatlons. 

Total  naifltanoe  of  spark 

ReeiaUmoe  of  tpark  in 

miUimetret. 

'-H- 

8»P 

and  drentt  In 

onms. 

ohms. 

0-6 

0^8 

_ 

1-2 

0-97 

1-1 

0-7 

2-4 

0^8 

2-6 

2*2 

3-7 

0-90 

8-7 

8*8 

4-9 

0-79 

8-4 

8-0 

6-1 

0-70 

1 

12-4 

12-0 

In  these  experiments  the  calculated  high  frequency  resistance  of 
the  wires  of  the  discharge  circuit  was  0-4  ohm,  so  that  the  excess 
over  above  this  value  is  the  resistance  of  the  spark. 

Professor  Rutherford  found,  as  others  have  done,  that  the  damping 
of  the  oscillations  increased  very  rapidly  with  the  length  of  the  spark. 
It  was  also  found  that  the  damping  depended  on  the  capacity  of  the 
condenser  used  when  the  inductance  and  spark  length  were  kept 
constant.  For  instance,  with  a  spark  gap  having  a  length  of 
3'2  mm.,  and  with  dififerent  capacities,  as  in  the  table  below,  he 
foimd  that  the  damping  decreased  with  the  increase  of  the  capacity. 
It  may  be  noted  that  to  reduce  capacity  measured  in  electrostatic 
units  to  the  equivalent  in  microfarskds  it  is  requisite  to  divide  by 
9X105. 


Oapadty  in  alMtPottatio 
units. 


1000 
2000 
4000 


Damping. 


0-94 
0^ 
0-81 


Spark  resistance  in  ohms. 


2-2 
2-6 
3-8 


Similar  experiments  have  also  been  made  by  the  above-named 
method  by  Miss  H.  Brooks.^  In  this  case  the  circuit  in  which  the 
oscillations  were  set  up  consisted  of  a  copper  wire  rectangle,  the 
wire  having  a  diameter  of  0*7  mm.  and  the  sides  of  the  rectangle 
lengths  of  145  and  125  cms.  respectively.  Hence  the  high  frequency 
inductance  was  about  1(H  cms.  The  condenser  used  in  the  first 
experiments  was  a  Leyden  jar  having  a  capacity  of  000277  mfd. 
In  other  experiments  another  jar  of  less  capacity  was  employed. 
The  frequency  of  the  oscillations  was  therefore  close  to  10^.  The 
quantity  4nL  had  a  value  4  X  10^^  G.6.S.  units  nearly,  or  40  ohms, 
and  the  logarithmic  decrement  8,  assunled  constant,   was  therefore 

*  See  Miss  H.  Brooks,  on  **  The  Damping  of  Oscillations  in  the  Discharge  of  a 
Leyden  Jar,*'  Phil,  Mag,,  voL  2,  ser.  6.  p.  92. 
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equal  to  one-fortieth  part  of  the  total  resistance  of  the  spark  and  circuit 

E'+r 


reckoned  in  ohms,  since  8  = 


4wL  • 


The  values  of  €~'  and  resulting  values  of  8  for  various  spark 
lengths,  found,  as  above  described,  by  Professor  Eutherford's  metnod, 
are  given  in  the  table  below. 


Capacity  of  Condbnbeb  =  0-00277  mfd. 


Sp«rk  length. 

Damping. 

Logarithmic  decrement. 

S. 

€-«. 

8. 

1  mm. 

0-905 

0-100 

3    „ 

0-880 

0-128 

6    „ 

0*885 

0-122 

7    „ 

0-865 

0-145 

9    „ 

0-860 

0-152 

11     „ 

0-845 

0-168 

13    „ 

0-845 

0-168 

Gapacitt  of  Oondensbb  =  0*000805  mfd. 


Spark  length. 
8. 


Damping. 


2  mm. 
8 
5 
7 
9 
11 


tt 
»» 
tt 
tt 


0-875 
0-840 
0-766 
0-680 
0-590 
0-515 


Logarithmic  decrement. 
8. 


0-188 
0*175 
0-269 
0-387 
0-529 
0-663 


The  above  numerical  values  of  the  damping  €~"'plot  out  into 
straight  lines  when  the  corresponding  values  of  the  spark  length  S 
are  taken  as  abscisssB.  ^ 

The  earliest  definite  measurements  of  the  logarithmic  decrement 
of  electric  oscillations  by  the  second  method  above  mentioned  were 
made  by  V.  Bjerknes.  It  depends  upon  a  comparison  between  the 
maximum  value  of  the  potential  difiference  of  the  spark  balls  in  an 
oscillating  circuit  and  the  root-mean-square  value  of  the  potential  as 
measured  by  an  idiostatic  electrometer.^  If  an  electrometer  of  the 
Kelvin  type  is  constructed,  having  a  suspended  paddle-shaped  "  needle  " 
and  a  pair  of  quadrants  placed  on  opposite  sides  and  against  opposite 
ends  of  the  "-needle,"  we  have  an  instrument  which  is  sensitive  to 
high  frequency  alternating  potentials,  and  measures  their  root-mean- 
square  value.  If,  then,  the  two  quadrants  are  connected  to  the  ends 
of  a  circuit  in  which  oscillations  are  taking  place,  the  quadrants  are 
alternately  positively '  and  negatively  charged ;  but  as  the  induced 
charges  on  the  needle  change  places  with  the  change  of  charge  on 

*  See  V.  Bjerknes,  **  Ueber  die  Dampfang  schneller  Electrisoher  Sohwin- 
gUDgen,"  Wied.  Annalen  der  Physik,  1891,  voL  44,  p.  74. 
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the  quadrants,  the  needle  deflects  constantly  in  the  same  direction. 
This  deflection,  if  small,  is  proportional  to  the  square  root  of  the  mean 
of  the  squares  of  the  potential  difference  of  the  quadrants. 

Since  the  train  of  oscillations  always  lasts  far  less  than  one 
second,  we  may  say  that  this  root-mean-square  value  of  the  potential 

difference  is  proportional  to  the  square  root  of  the  integral  I    v^, 

where  v  is  the  instantaneous  potential  difference. 

We  have  seen  (Chap  I.,  §  5)  that  when  a  condenser  is  dis- 
charged across  a  spark  gap  through  a  low  resistance,  the  potential 
difference  v  of  the  plates  at  any  time,  t,  can  be  expressed  by  an 
equation  of  the  form — 

zr  =  Vo€  ""  «^  cos  /?^ (20) 

where  Vq  is  the  initial  potential  difference  of  the  plates. 
From  the  above  equation  we  have — 

/       t;2^=Vo2/        €-2a<COS2j9^=^=U2.      .      (21) 

Hence  XJ  is  the  root-mean-square  value  of  the  potential  difference 
of  the  condenser  plates.     But  a  =  2n8,  therefore — 

8=1.:^ (22) 

8n   U2  ^     ' 

and  8  becomes  known  from  the  values  of  Yq,  U,  and  n. 

Since  we  cannot  obtain  a  steady  deflection  of  the  electrometer  by 
one  single  spark  or  train  of  oscillations,  it  is  necessary  to  permit  a 
series  of  discharges  at  a  uniform  rate  of  N  per  second  to  take  place, 
and  the  value  of  S  is  then  given  by  the  expression— ^ 

The  value  of  Yq  can  be  obtained  from  the  spark  length  by  the  aid 
of  the  tables  of  spark  potentials  already  given  (see  Chap.  II.,  §  14), 
for  the  value  of  the  potential  difference  of  the  plates  of  the  condenser 
when  the  discharge  begins  is  equal  to  the  spark  potential.  The  value 
of  U  is  obtained  by  connecting  the  calibrated  electrometer  across  the 
terminals  of  the  condenser.  The  number  of  sparks  per  second,  and 
also  the  frequency  of  the  oscillations,  must  be  obtained,  the  latter 
being  calculated  from  the  inductance  and  capacity  in  the  circuit.  In 
this  manner  we  arrive  at  the  value  of  the  logarithmic  decrement  of 
the  oscillations. 

Some  of  Bjerknes'  observations  were  made  with  an  open  oscillatory 
circuit  of  the  Hertzian  type,  and  for  such  an  oscillator  he  found  that 
the  decrement  per  half-period  depended  on  the  length  of  the  spark 
gap,  but  had  values  varying  from  013  to  0*20,  as  the  spark  length 
increased  from  1  to  5  mm.  The  damping  in  this  case  does  not 
arise  simply  from  resistance,  but  is  mainly  due  to  the  radiation  of 
energy  in  the  form  of  electric  waves,  and  this  matter  is  further 
considered  in  §  8  of  this  chapter,  and  also  in  Chap.  Y.  Whilst  for 
an  open  or  radiative  circuit  of  the  Hertzian  type  the  decrement  per 
half-period  may  amount  to  0-2  or  over,  for  a  nearly  closed  circuit. 
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such  as  a  Hertzian  resonator,  Bjerknes  found  that  the  decrement 
might  be  as  low  as  0001. 

5.  DeteFmination  of  the  Mean  Logapithmic  Deorement  in 
Osoillatopy  Gipcuits.  Drude's  Researohes. — A  very  extensive 
research  was  conducted  by  Professor  P.  Drude  on  the  influence  of 
spark  length  and  other  factors  on  the  logarithmic  decrement  of  con- 
denser circuits  containing  a  spark  gap.  These  results  have  a  very 
practical  bearing  upon  wireless  telegraphy .7 

The  method  he  adopted  was  one  which  in  principle  originated 
with  V.  Bjerknes.  If  a  primary  oscillatory  circuit  containing  a  spark 
gap  and  condenser  has  oscillations  set  up  in  it,  and  if  this  circuit 
acts  upon  a  closed  secondary  circuit  containing  a  condenser  but  no 
spark  gap,  we  have  induced  oscillations  set  up  in  this  latter  circuit. 
If  the  secondary  circuit  has  such  a  form  that  its  inductance  can 
either  be  calculated  or  measured,  and  if  the  capacity  in  it  is  also 
known,  as  already  shown,  we  can  calculate  its  natural  time  period 
and  deduce  its  high  frequency  resistance,  and  therefore  logarithmic 
decrement,  provided  that  the  condenser  in  this  secondary  circuit  is  of 
such  form  that  no  energy  is  dissipated  by  radiation  or  in  any  other 
way  except  by  resistance.  If  we  insert  in  this  circuit  a  thin  wire  at 
some  point,  we  can,  by  means  of  a  thermoelement  or  other  means, 
determine  the  integral  or  mean-square  value  of  the  secondary  current. 

If  this  secondary  circuit  has  such  a  form  that  we  can  vary  its 
inductance,  and  therefore  natural  time  period,  we  can  find  the  corre- 
sponding values  of  the  integral  or  mean-square  value  of  the  secondary 
current.  For  some  particular  inductance  of  the  circuit  this  integral 
value  of  the  secondary  current  will  have  a  maximum  value. 

When  this  takes  place  the  secondary  circuit  is  said  to  be  m 
resonance  with  the  primary  circuit  (see  §  6  of  this  chapter).  V.  Bjerknes 
and  P.  Drude  ^  have  shown  that  we  can  then  determine  the  sum  of 
the  logarithmic  decrements  of  the  primary  and  secondary  circuits 
from  the  observed  values  of  the  maximum  integral  current,  and  of 
any  other  value  of  the  integral  current  not  differing  greatly  from  this 
critical  one,  when  we  know  also  the  percentage  deviation  of  the  time 
period  of  the  secondary  circuit  in  the  last  case  from  that  which  sets 
up  resonance. 

Let  12  denote  the  secondary  current  at  any  instant,  and  J^  the 
integral  current,  so  that- 

•C30 

i2^dt 

0 

Also  let  T^  denote  the  periodic  time  of  the  secondary  circuit.  Then 
let  J^  and  T^  denote  the  values  of  these  quantities  when  the  secondary 
circuit  is  so  adjusted  as  regards  inductance  that  J^  has  its  maximimi 
value.     Again,  let — 

7'2=2',(l+i,) (24) 

^  See  P.  Drude,  '*  Die  Dampfung  von  Kondensatorkreisen  mit  Funkenstreoke," 
Ann.  der  Physik,  1904,  vol.  16,  part  4,  p.  709. 

»  See  V.  Bjerknes,  Ann.  der  Physih,  1895,  vol.  55,  p.  121,  "Ueber  Elektrische 
Resonanz."  See  P.  Drude,  Ann,  der  Physik,  1904,  vol.  13,  p.  512,  '*  Ueber  induk- 
tive  Erregung  zweier  Elektrischer  Schwingungskreise  mit  anwendung  auf  Perioden 
und  Dampfungsmesung,  Tesla  transformatoren,  und  drahtlose  Telegraphie." 
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Since  To  =  —  and  Tm  =  — ,  where  n^  and  ?jo  are  the  frequencies  of 
the  two  circuits,  we  have — 

Let  82  and  82  denote  the  logarithmic  decrements  of  the  primary 
and  secondary  circuits  as  we  have  defined  them. 

Drude,  following  Bjerknes,  then  shows  that  the  sum  of  the 
decrements  of  the  two  circuits  is  given  by  the  equation  — 


8,  +  8,  =  ^>/j-iij-^.    ....   (25) 


Near  resonance  when  n^  is  nearly  equal  to  n^  the  quantity  77  becomes 
identical  with  1 -*. 

We  haye  translated  Drude's  formula  into  our  notation,  but  in 
referring  to  the  original  paper  the  reader  should  note  that  his  logarith- 
mic decrement  is  double  of  ours,  being  defined  as  due  to  a  complete 
instead  of  a  semi-period,  and  also  that  he  takes  J,  and  not  J^,  to 
represent  the  integral  current.  We  shall  indicate  in  a  later  section  of 
this  chapter  (see  §  14)  the  method  by  which  the  above  formula  is 
obtained. 

Drude's  experiments  were  conducted  with  a  secondary  circuit 
which  had  the  form  of  a  rectangle,  the  sides  being  made  partly  of 
metal  rods  and  partly  of  tubes,  so  that  by  sliding  them  in  and  out  of 
each  other  the  length  of  the  rectangle,  and  therefore  its  inductance, 
could  be  varied  and  calculated.  A  condenser  of  known  capacity  was 
inserted  in  this  circuit,  and  also  a  short  piece  of  fine  wire,  to  which  a 
thermo-junction  was  attached.  This  last  was  connected  to  a  galvano- 
meter. Drude  first  proved  that  when  a  single  spark  discharge  was 
made  in  the  primary  circuit  the  induced  secondary  oscillation  heated 
the  fine  wire,  and  therefore  the  thermo-junction,  and  produced  a 
"  throw  "  or  ballistic  deflection  of  the  galvanometer  coil  proportional 
to  the  integral  effect  of  the  secondary  current  or  oscillation. 

He  then  showed  that  if  l^  was  the  length  of  side  of  the  secondary 
rectangle  corresponding  to  resonance  or  to  Jm>  and  if  dl  was  any  small 

variation  of  this  length,  the  quantity  77  was  equal  to  ^^7-,  and  hence  the 

above  formula  (25)  transforms  into — 


«.  +  «=I-fVr./lTi w 


His  experimental  procedure  was  then  to  take  a  number  of  observa- 
tions of  the  integral  current  J^  corresponding  to  various  values  of  the 
side  of  the  secondary  rectangle,  and  to  plot  a  curve  called  a  resonance 
cttrve,  in  which  ordinates  represented  the  "  throw  "  of  the  galvanometer, 

*  Soe  P.  Drnde,  Ann.  derPhysik,  1904,  vol.  15,  p.  716,  to  which  we  must  refer 
the  reader  for  the  rather  long  proof  of  the  above  formula,  which  is  derived  from 
another  equation  (84)  in  an  article  by  P.  Drude  in  ^nn.  der  Physik,  vol.  18,  p.  527. 
A  proof  of  this  formula  is  given  in  §  14  of  this  chapter  (see  equation  145). 
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and  abscissaB  the  length  of  the  side  of  the  rectangle  forming  the 
secondary  circuit.  For  the  fuller  explanation  of  the  nature  of  a 
resonance  curve,  the  reader  must  refer  to  §  14  of  this  chapter. 

Drude  then  calculated  for  any  given  length  of  side  the  inductance, 
and  hence  the  decrement  S21  of  the  secondary  circuit. 

The  observations  v^ere  then  reduced  as  follows  :  Corresponding  to 
each  particular  length  of  side  of  the  secondary  circuit  there  is  a  certain 
"  throw/'  8,  of  the  galvanometer  when  a  single  primary  spark  is  taken 
which  measures  the  secondary  integral  current.  If  81  and  s^  represent 
two  throws  corresponding  to  two  lengths  of  side,  /^  ^^^  h»  ^^^  greater 
and  one  less  than  the  value  Sm  corresponding  to  resonance  by  equal 
amounts,  we  can  say  that — 

and    J2  =  ?L+f?andJ,«  =  g, 
Therefore  we  have — 


8,  +  8,=J.^>v/-i^l^4^.    .    .    (27) 

"^        2     li  +  IP^    8m  —  («i  +  S2)/2  ^      ^ 

Taking  a  number  of  values  of  I  and  s  from  the  resonance  curve 
Drude  deduced  the  values  ^  =  0-0083,  S^  =  008. 

The  above  values  are  the  semi-period  decrements.  They  show, 
therefore,  that  the  primary  circuit  is  much  more  damped  than  the 
secondary  circuit. 

By  a  large  number  of  observations  made  with  various  spark 
lengths  and  with  spark  balls  of  various  materials,  Drude  arrived  at 
the  following  conclusions : — 

1.  For  every  condenser  circuit  with  a  spark  gap  there  is  a  certain 
length  of  spark  for  which  there  is  a  minimum  damping. 

2.  For  zinc  spark  balls  and  small  sparks  this  critical  spark  length 
lies  between  1  and  2  mm.,  and  the  logarithmic  decrement  between 
0-06  and  0-08. 

3.  To  obtain  small  damping,  it  is  necessary  to  employ  a  condenser 
absolutely  free  from  brush  discharges  or  dielectric  hysteresis,  and  this 
can  only  be  done  by  constructing  the  condenser  of  metal  plates  placed 
in  petroleum  oil. 

4.  Zinc  spark  balls  give  the  smallest  damping,  and  preserve  their 
active  effect  in  producing  an  oscillatory  spark  longest.  Gleaning 
the  surfaces  increases  the  spark  activity  and  reduces  the  decrement. 

5.  The  integral  effect  in  the  secondary  circuit  increases  at  first 
with  increasing  spark  length  and  then  diminishes  again. 

6.  The  resistance  of  the  spark  depends  very  much  upon  the 
capacity  and  inductance  in  the  oscillating  circuit.  Hence  we  cannot 
speak  of  a  spark  of  given  length  having  a  definite  resistance.  With  a 
large  capacity  and  small  inductance  the  spark  resistance  for  given 
length  is  less  than  with  small  capacity  and  large  inductance. 

7.  The  effects  of  increased  air  pressure,  and  of  light  falling  on  the 
spark  balls,  and  of  the  material  of  the  spark  balls  on  the  logarithmic 
decrement^  were  carefully  investigated.     Drude  says  that  spark  balls 
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made  of  zinc  are  superior  to  those  made  of  brass  in  their  active  spark- 
producing  qualities. 

8.  The  effect  of  brush  discharges  on  the  edges  of  condenser  plates, 
and  of  dielectric  hysteresis  when  glass  was  employed  as  a  dielectric, 
showed  itself  in  increased  total  logarithmic  decrement,  and  therefore 
in  a  decreased  number  of  oscillations  per  train. 

From  the  point  of  view  of  practical  wireless  telegraphy  by  electric 
waves,  the  important  deduction  to  be  made  from  these  experiments  is 
the  advantage  of  employing  short  sparks.  In  those  cases  in  which 
high  charging  potentials  are  required,  it  is  better  to  gain  this  by  using 
a  number  of  short  sparks  in  series  rather  than  one  long  one.  This 
can  be  done  by  placmg  a  number  of  insulated  metal  plates  in  series 
with  very  small  spaces  between  them,  and  connecting  the  two 
terminal  balls  to  the  oscillating  circuit  ^see  Chap.  YIII.,  §  16). 

6.  The  ResiBtance  of  an  Osomatopy  Spark.— Since  the 
resistance  of  the  spark  in  a  condenser  circuit  traversed  by  electric 
oscillations  is  an  important  factor  in  determining  the  decay  of  the 
oscillations,  considerable  attention  has  been  given  to  experimental 
methods  for  determining  directly  the  resistance  of  an  oscillatory 
electric  spark  and  its  variation  with  quantity,  frequency,  and  spark 
length. 

The  factors  which  can  be  varied  are — 

(i.)  The  length  of  the  spark. 

^ii.)  The  quantity  of  electricity  which  passes  initially,  as  measured 
by  tne  spark  potential  and  the  capacity  of  the  condenser  discharging. 

(iii.)  The  oscillation  frequency  determined  by  capacity  and  induct- 
ance of  the  circuit. 

(iv.)  The  group  frequency,  or  number  of  oscillatory  sparks  per 
second. 

(v.)  The  material  and  form  of  the  discharging  surfaces. 

(vi.)  The  pressure  and  nature  of  the  gas  in  which  the  spark  takes 
place. 

A  full  examination  of  the  effect  of  all  these  factors  has  not  yet 
been  made.  In  many  cases. the  conditions  of  experiment  have  not 
been  stated  accurately,  and  between  most  of  the  experiments  on  spark 
resistance  so  far  conducted  a  considerable  difference  of  conditions 
has  existed,  so  that  comparisons  are  difilcult.  Some  observers  have 
endeavoureid  to  measure  the  equivalent  ohmic  resistance  of  a  single 
oscillatory  spark.  Since,  however,  in  wireless  telegraphy  and  Hertzian 
wave  work  generally  we  nearly  always  employ  a  continuous  series  of 
oscillatory  sparks,  the  investigations  made  with  isolated  sparks  are 
not  of  predominant  interest. 

A  Imowledge  of  the  logarithmic  decrement  as  obtained  from  the 
ratio  of  the  first  two  oscillations  gives  us  a  lower  limit  to  the  resistance 
of  the  spark,  provided  we  know  the  high  frequency  resistance  of  the 
rest  of  the  circuit.  Thus,  in  the  experiments  on  damping  made  by 
Miss  Brooks  by  Rutherford's  method,  already  described,  the  inductance 
of  the  metallic  part  of  the  discharge  circuit  was  1(H  cms.  The 
capacity  employed  was  000277  mfd.,  and  hence  the  frequency  was 
nearly  10*.  The  quantity  4nL  was  therefore  nearly  4  X  lO^o  cms. 
per  second,  or  40  ohms.  The  high  frequency  resistance  of  the 
wire  of  the  discharge  circuit  was  found  to  be  0-6  ohm  as  calculated 
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by  Lord  Eayleigh's  formula.  Hence  if  r  is  the  spark  resistance 
in  ohms  and  8  the  logarithmic  decrement,  and  if  we  assume 
the  spark  resistance  constant  during  the  train  of  oscillations, 
we  have — 

Taking  the  values  of  8  given  in  the  first  table  on  p.  260  for  spark 
lengths  of  1,  3,  5,  11  mm.  respectively,  we  calculate  the  correspond- 
ing spark  resistance  as  follows  : — 


Spark  length. 
S. 


1 

mm. 

3 

»> 

5 

t» 

11 

t> 

Logarithmic  decrement. 
8. 


0-100 
0-128 

0-iaa 

0-168 


Spark  reolstonoe. 
r. 


3*4  ohms 
4-52 
4-28 
6-12 


»» 


»t 


» 


It  must  be  noted  that  these  observations  refer  to  the  resistance  of 
single  sparks  or  discharges,  and  not  to  the  resistance  produced  when 
a  large  number  of  discharges  per  second  are  made  across  the  spark 
gap.  There  is  evidence  that  in  this  last  case  the  resistance  of  the 
train  of  sparks  is  very  much  less,  for  the  same  spark  length,  than  the 
values  given  in  the  above  table.  Accordingly,  these  results  are  vaUd 
only  for  the  circumstances  of  the  experiment. 

Miss  Brooks  found  that  the  pressure  of  the  air  round  the  spark 
exercised  a  very  marked  effect  on  the  damping,  reduction  of  pressiure 
within  certain  limits  reducing  the  damping. 

An  interesting  deduction  is  made  in  her  paper  from  known  facts 
as  to  the  electric  charge  carried  on  gaseous  ions,  viz.  that  the 
expenditure  of  energy  in  the  manufacture  of  the  ions  just  necessary 
to  carry  the  discharge  across  the  gap  d9es  not  account  for  the  whole 
of  the  damping,  but  it  is  evident  that  a  vastly  larger  number  of  ions 
are  created  by  the  discharge  than  is  necessary  to  carry  the  discharge 
across.  It  is  to  the  recombinations  of  these  ions  that  the  heat  and 
light  of  the  spark  are  probably  due. 

Experiments  were  also  made  on  the  effect  of  variation  of  the 
capacity  of  the  condenser.  It  was  found  that  when  this  capacity 
was  greater  than  about  O'OOl  mfd.  the  damping  was  practically 
independent  of  the  capacity,  but  that  for  very  small  capacities  the 
damping  increased  rapidly  with  decrease  of  capacity.  Hence  the 
damping  reaches  a  steady  state  when  the  discharge  current  exceeds 
a  certain  very  moderate  value. 

Adolf  Slaby  also  made  some  interesting  observations  on  the 
resistance  of  an  oscillating  spark.io  His  method  consisted  in  form- 
ing an  oscillating  circuit  containing  in  series  the  ordinary  spark  gap 
Si  of  fixed  length,  a  spark  gap,  Sg,  of  variable  length,  a  condenser, 
C,  and  inductance,  L,  and  a  variable  resistance,  B,  in  the  form  of 

»•  See  EUktrotechfUsche  ZeUschrift,  Oct.  27, 1904 ;  also  The  Electrician,  Nov.  11, 
1904,  vol.  64,  p.  150. 
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a  graphite  rod,  as  well  as  a  sensitive  hot-wire  ammeter,  A  (see  Fig.  2). 
The  spark  gap  of  variable  length  was  shunted  by  an  electrolyte 
resistance,  U,  consisting  of  a  tube  containing  a  solution  of  sulphate 
of  copper  having  a  resistance  of  410  ohms.  This  permitted  the 
condenser  to  be  charged,  but  did  not  sensibly  shunt  the  disruptive 
discharge.  The  variable  spark  gap  was  then  altered  in  length  from 
zero,  and,  corresponding  to  various  lengths,  readings  of  the  ammeter 
were  taken.  This  gave  the  current  (R.M.S.  value)  in  terms  of  the 
spark  length.  The  spark  gap  Sj  was  then  made  zero,  the  graphite 
resistance  B  varied,  and  readings  of  the  ammeter  again  taken.  This 
gave  the  current  in  terms  of  the  graphite  resistance.  These  two 
sets  of  observations  were  plotted  as  curves  with  current  as  ordinates, 
and  for  equal  ordinates  they  showed  the  resistance  of  the  spark  gap 
expressed  in  ohms.  In  repeating  these  experiments,  the  author  has 
found  it  to  be  an  advantage  to  employ  a  long  inductance  coil  of  low 
resistance  instead  of  the  tube  of  sulphate  of  copper,  and  in  place  of 


Fio.  2.— Slaby'B  Method  of  measuring  the  ResiBtance  of  Oscillatory  Eleotric 

Sparks. 


the  graphite  rod  to  use  a  long  column  of  10  per  cent,  dilute  sulphuric 
acid  of  variable  length. 

The  final  results  indicated  that  the  resistance  of  the  spark  gap 
rises  parabolically  with  spark  length  for  small  lengths,  but  afterwwls 
increases  hnearly.  Slaby  found  that  with  increase  in  the  capacity 
of  the  oscillating  circuit  the  resistance  of  the  spark  per  millimetre  of 
length  decreased. 

The  following  results,  taken  from  the  figures  given  in  Professor 
Slaby's  paper,  show  the  resistance  of  the  spark  for  various  spark 
lengths  when  the  capacity  in  the  circuit  had  a  value  of  360  electro- 
static units,  or  0*0004  mfd. : — 

Spark  length.  Spark  reslBUnce. 

1  nun 0*26  ohms. 

2  „  0-90    „ 

3  , 2-30    „ 

4  „  6-0      „ 

The  spark  resistance  for  given  lengths  depends  greatly  upon  the 
capacity  used,  that  is,  upon  the  quantity  of  electricity  discharged 
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aoroBS  the  gaps.  This  is  shown  by  the  curves  in  Fig.  3,  taken  from 
Professor  Slaby's  observations.  There  is  also  good  evidenoe  that  the 
spark  resistance  varies  with  the  number  of  discharges  per  second 
when  these  are  numerous.  Again,  if  the  conductance  of  the  spark  is 
plotted  in  terms  of  the  frequency,  it  is  found  that  as  the  period 
increases  the  conductance  diminishes,  at  first  linearly  and  afterwards 
more  rapidly. 

For  all  periods,  with  the  same  spark  voltage,  small  spark  lengths 
have  more  conductivity  per  unit  of  length  than  long  ones.  Hence 
the  advantage  of  using  a  number  of  small  spark  gaps  in  series,  instead 
of  one  long  one,  in  certain  cases  where  small  damping  is  required,  is 
very  great. 

Pfofessor  Slaby  found  that,  in  the  case  of  an  ordinary  wireless 
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Fia.  3. — Curves  showing  Spark  ResistanceB  for  Various  Spark  Lengths  and 
Capacities  (Slahy).  The  numhers  on  the  curves  denote  the  capacity 
corresponding  to  them  reckoned  in  electrostatic  units. 

telegraph  aerial  wire,  the  damping  due  to  the  resistance  of  the  wire 
itself  is  negligible.  For  a  120-foot  copper  wire  antenna  3  mm.  in 
diameter  it  amounts  at  most  to  about  0*8  per  cent.  Hence  we  may 
say  that  in  the  case  of  the  oscillating  circmts  used  in  Hertzian  wave 
telegraphy  the  damping  of  the  oscillations  is  almost  entirely  due  to 
the  resistance  of  the  spark  and  to  the  radiation  of  energy  from  the 
aerial  wire. 

To  obtain,  therefore,  a  wave  train  not  rapidly  damped,  the  resist- 
ance of  the  spark  and  of  the  rest  of  the  circuit  must  be  very  small, 
or  the  supply  of  energy  must  be  very  large  if  radiation  is  taking 
place. 

Another  method  of  measuring  the  spark  resistance  in  the  case  of 
a  non-radiative  circuit  has  been  employed  by  several  observers.  It 
depends  on  the  fact  that  if  a  condenser  is  discharging  with  oscillations 
through  nearly  closed  circuit  partly  metallic  but  containing  a  spark 
gap,  and  if  the  condenser  itself  does  not  in  any  way  dissipate  energy 
internally  by  hysteresis  or  brush  discharges,  then  the  rate  at  which 
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the  energy  is  given  out  by  the  condenser  must  be  equal  to  the  sum 
of  the  rates  at  which  it  is  being  dissipated  in  the  metallic  part  of  the 
circuit  and  in  the  spark. 

If  we  call  J  the  root-mean-square  value  of  the  instantaneous 
discharge  current  t  when  reckoned  in  amperes,  so  that 
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where  N  is  the  number  of  discharges  per  second,  and  if  B'  is  the 
high  frequency  resistance  of  the  circuit ;  then  J^B'  is  the  rate  at  which 
energy  is  dissipated  in  the  metallic  part  of  the  circuit.  Again,  if  r  is 
the  resistance  of  the  spark,  JV  is  the  rate  at  which  energy  is  dissipated 
in  the  spark.  We  have  then  to  find  experimentally  the  value  of  the 
root-mean-square  discharge  current  for  the  discharges  per  second. 

This  may  be  done  as  follows : — 

We  employ  a  hot-wire  ammeter  suitable  for  measuring  currents 
of  1  to  10  amperes  or  upwards,  the  hot  wire  of  which  consists  of 
a  number  of  fine  copper  wires  placed  in  parallel.  If  we  refer  to  the 
formula  for  the  high  frequency  resistance  of  round  copper  given  in 
Chap.  II.,  viz. — 

we  shall  see  that  if  n  =  10^  we  have— 

"^  =  4(W  nearly  .......    (28) 

Hence,  for  this  frequency,  when  d  is  as  small  as  0*25  mm.  there  is 
no  sensible  increase  in  resistance.  Accordingly,  a  copper  wire  of  No.  40 
S.W.6.  size  has  not  an  appreciably  greater  resistance  for  currents  of 
a  frequency  of  10^  than  for  steady  currents.  If,  therefore,  we  make 
an  ammeter  as  in  Fig.  40,  Chap.  II.,  and  calibrate  it  with  continuous 
currents,  we  shall  be  able  to  read  off  on  it  the  root-mean-square  value 
of  a  high  frequency  current  passing  through  it.  Suppose,  then,  that 
we  place  such  an  ammeter  in  a  circuit  consisting  of  a  round-sectioned 
copper  wire  bent  in  the  form  of  a  rectangle,  and  complete  this  circuit 
by  a  condenser  and  spark  gap.  The  condenser  must  be  of  such  a 
type  that  there  is  no  internal  dissipation  of  energy  in  it,  and  is  best 
made  of  metal  plates  placed  in  highly  insulating  oil.  We  then  take 
a  series  of  discharges  at  the  rate  of  N  per  second,  the  sparks  passing 
at  regular  intervals.  It  will  be  found  that  the  ammeter  gives  a  steady 
deflection  and  indicates  a  current,  say,  of  A  amperes.  If  we  calculate 
from  the  inductance,  capacity  and  ohmic  resistance  of  the  circuit,  the 
high  frequency  resistance  R',  the  quantity  A^R'  gives  us  the  rate 
at  which  energy  is  being  dissipated  in  the  metallic  part  of  the  circuit. 
If  we  know  the  spark  potential  Y  corresponding  to  the  spark 
length,  then  the  quantity  J^NCV^  gives  us  the  rate  at  which  energy 
is  derived  from  the  condenser.  Hence  the  quantity  JNCV^  —  A2R' 
must  be  the  rate  at  which  energy  is  being  expended  in  the  spark, 
and  therefore  the  resistance  of  the  spark  r  must  be  given  by  the 
expression — 
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In  the  above  expression,  however,  we  assume  that  the  resistance 
of  the  spark  is  that  of  the  spark  which  is  due  to  the  condenser 
discharge  alone.  The  actual  spark  which  happens  is,  however,  an 
admixture  of  two  sparks,  or  rather  of  a  spark  and  an  arc.  At  the 
moment  when  the  dielectric  between  the  spark  balls  breaks  down, 
not  only  does  the  condenser  begin  to  discharge  with  oscillations, 
and  thus  form  the  true  oscillatory  spark,  but  the  induction  coil  or 
transformer  or  other  source  of  charging  voltage  produces  a  discharge 
across  the  gap  which  is  of  the  nature  of  an  electric  arc.  The  greater 
this  arc  the  less  will  be  the  resistance  between  the  discharge  balls. 
Hence  it  is  not  quite  easy  to  define  what  is  meant  by  spark  resistance, 
and  the  discrepancy  between  the  results  of  various  observations  on 
spark  resistances  may  to  some  extent  be  due  to  the  fact  that  arc  and 
spark  resistance  are  mixed  up  together  in  different  proportions.  We 
can  determine  to  what  extent  there  is  a  true  electric  arc  effect  mixed 
up  with  the  true  spark  discharge  as  follows :  If  G  is  the  capacity 
of  the  condenser  in  microfarads,  and  V  the  potential  in  volts  corre- 
sponding to  the  spark  length,  and  N  the  number  of  charges  per 
second,   then   the  charging  current  in   amperes  flowing   into   the 

NOV 
condenser  should  be  -rx^  i  since  this  is  the  quantity  per  second 

delivered  to  the  condenser.  If  we  then  insert  a  hot-wire  ammeter 
in  between  the  spark  balls  and  the  induction  coil  or  transformer, 
and  find  a  greater  value  than  that  given  by  the  above  expression  for 
the  current  flowing  out  of  the  source  of  supply,  we  know  that  the 
difference  between  the  observed  and  calculated  current  must  be 
passing  across  the  spark  gap  as  an  electric  arc. 

The  chief  dif&culty,  however,  in  applying  this  last-mentioned 
method  of  determining  spark  resistance  is  in  the  correct  measurement 
of  the  spark  frequency  and  spark  voltage.  The  spark  frequency  can 
be  found  by  means  of  the  author's  spark  counter  (see  Chap.  II.,  §  15). 
It  is  by  no  means  correct  to  assume  that  there  is  only  one  discharge 
spark  for  each  break  of  the  circuit  of  the  induction  coil  or  alternation 
of  the  transformer,  whichever  is  used  to  create  the  discharges.  If  the 
spark  gap  is  short  there  may  be  several  oscillatory  discharges  per  break 
of  the  induction  coil  or  per  alternation  of  the  transformer.  On  the 
other  hand,  if  the  spark  gap  is  long  and  the  capacity  large  there  may 
be  a  lesser  number  of  oscillatory  sparks  than  alternations  of  the 
charging  potential.  The  second  difi&culty  consists  in  correctly 
estimating  the  spark  voltage,  that  is,  the  potential  to  which  the  con- 
denser is  charged.  When  the  spark  balls  become  hot  the  spark 
voltage  for  a  given  spark  length  is  decreased,  and  the  only  way  to 
determine  the  voltage  is  to  place  in  parallel  with  the  actual  spark  balls 
used  another  pair  consisting  of  brass  balls  of  a  known  diameter,  say, 
2  cms.,  and  ascertain  to  what  distance  these  last  balls  must  be 
approached  in  order  that  discharge  may  just  begin  to  take  place  between 
them,  and  from  that  distance  to  determine  the  corresponding  spark  vol- 
tage by  the  tables  given  in  Chap.  II.,  §  14.  Even  when  the  spark  fre- 
quency and  spark  voltage  are  correctly  estimated,  it  is  found  that  great 
discrepancies  exist  between  the  spark  resistances  obtained  for  sparks  of 
known  lengths  This  is  unquestionably  due  to  the  different  degrees 
in  which  true  electric  arc  discharge  is  mixed  up  with  spark  discharge. 
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Professor  Slaby  also  investigated  the  effect  of  change  of  size 
and  material  of  the  spark  balls  upon  the  spark  resistance.  He  found 
that  for  short  sparks  (less  than  4  mm.  in  length)  an  increase  in 
diameter  of  the  spark  balls  was  accompanied  by  an  increase  of  spark 
resistance,  but  that  for  longer  sparks  the  difference  was  imperceptible. 
As  regards  the  effect  of  material,  he  tried  balls  of  1  cm.  m  diameter 
made  of  brass,  copper,  lead,  aluminium,  magnesium,  cadmium,  zinc, 
tin,  iron,  steel,  .silver,  gold,  and  platinum,  and  spark  lengths  from 
0*5  to  3  mm.,  using  apparently  a  very  small  capacity.  His  results 
showed  that  for  the  05-mm.  spark  cadmium  and  tin  and  silver  balls 
gave  spark  resistance  about  half  that  of  the  other  metals,  which 
were  about  equal,  but  for  the  d-mm.  sparks  iron  and  steel  balls  gave 
spark  resistance  about  30  per  cent,  greater  than  that  of  the  remaining 
metals. 

The  following  table  gives  the  chief  results : — 


Spark 

Isngth 

in  mUli- 

iD0trM. 


0-6 
1-0 
1-6 

2-6 
80 


Spark  reaistaiice  in  ohms  between  10  mms.  diameter  balls  made  of  - 


Brass. 


0-9 
2*4 
4-0 
6-9 

8-9 
12-8 


Pb. 


0^ 
1-8 
3-8 
5-5 
9-3 
14-6 


Co. 


1-3 
2-8 
4*4 
6-4 
9-3 
12-6 


Al. 

Mg. 

1-3 

1-8 

2-8 

2-8 

4-6 

5-5 

7-1 

9-6 

10-6 

14*6 

15-5 

Cd. 


Zn. 


0-5 
1-6 
3-0 
5*2 
8*4 
12-4 


1-0 
2-2 
3-5 
6-6 
8-4 
12*2 


Sn. 


0-5 
1-2 
2-5 
4-6 
8*2 
13-3 


Fe. 


Ag. 


0-9   ;  0-6 
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7-7 
11-8 
16-4 


1-6 
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3-8 
6-8 
8-9 
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The  results  show  that  a  far  less  spark  resistance  for  a  3-mm. 
spark  voltage  could  be  ob- 
tained by  using  four  tin  balls 
placed  1  mm.  apart,  so  as  to 
obtain  three  1-mm.  sparks  in 
series  between  tin  surfaces, 
than  by  using  a  single  spark 
of  3  mm.  in  length  between 
brass  and  iron  balls. 

The  author  repeated 
these  experiments  of  Pro- 
fessor Slaby,  but  found  it 
convenient  to  substitute  for 
the  graphite  resistance  B  in 
Fig.  2  a  U-tube,  E,  full  of 
dilute  sulphuric  acid  of 
known  strength  and  resis- 
tivity (see  Fig.  4).  A  ther- 
mometer immersed  in  this 
liquid  gives  its  temperature, 
and  a  greater  or  less  length 
of  the  column  of  fluid  can 
be  inserted  in  the  oscillatory 
circuit  by  moving  up  or  down 


Fio.  4. — Arrangement  of  Apparatus  used  in 
Measurement  of  Spark  Resistances  at  Uni- 
versity GoUege,  London.  E,  U-tube  of 
dilute  sulphurio  aoid;  'D,  high  resistance 
of  copper  sulphate  solution ;  F,  hot-wire 
ammeter;  B,  adjustable  spark  balls;  C, 
condenser. 


metallic  piston  electrodes  in  the  arms  of  the  U-tube.    In  place  of 
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the  tube  D  of  sulphate  of  copper  an  inductance  spiral  may  be  used. 
Using  this  apparatus  and  spars  balls  (B)  of  iron,  zinc,  or  brass  1*25 
inch  in  diameter,  the  author  determined  the  spark  resistance  for 
various  lengths  of  spark  and  for  a  capacity  of  1070  mmfds.  as  shown 
in  the  curves  in  Fig.  5.  These  curves  show  that  with  increasing 
spark  length  the  resistance  of  the  spark  between  iron  balls  increases 
rapidly  when  compared  with  that  between  brass  or  zinc  balls. 

It  should  be  noticed  that  the  method  adopted  by  Professor  Slaby 
and  by  the  author  of  measuring  spark  resistance  involves  a  constant 
current  in  the  discharge  circuit,  and  may  therefore  be  said  to  give 
the  spark  resistance  for  various  spark  lengths  corresponding  to  a 
certain  constant  current.  In  radiotelegraphy,  by  the  spark  method, 
we  generally  find  that  the  length  of  the  spark  itself  determines  the 
quantity  of  electricity  which  passes  at  each  discharge,  and  hence  the 
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Fio.  5. — Spark  Besistances  for  Various  Spark  Lengths  between 
Iron,  Brass,  and  Zino  Balls.     (Fleming.) 

resonance  method  of  measuring  spark  resistance  has  been  preferably 
employed,  for  then  the  oscillatory  current  is  not  constrained  to  have 
any  constant  value,  but  is  allowed  to  take  the  value  determined  by 
the  capacity  and  inductance  of  the  oscillatory  circuit.  This  method 
consists  in  determining  first  a  resonance  curve  for  the  oscillatory 
circuit  in  the  manner  described  in  the  last  section  of  this  chapter. 
If,  then,  we  employ  for  the  metallic  part  of  the  oscillatory  circuit 
which  contains  the  spark  gap,  such  a  circuit  that  we  can  calculate  its 
high  frequency  resistance  K,  and  if  we  call  the  resistance  of  the 
spark  r,  then  if  L  is  the  inductance  and  n  the  frequency  and  8|  the 

decrement  of  the  spark  circuit,  we  have  seen  that  S  =     .  ^    ,  and 

4nij 

hence  we  can  calculate  r  when  we  know  the  other  quantities. 

Measurements  of  oscillatory  spark  resistance  have  also  been  made 

by  the  above  method  by  G.  Bempp  (see  Ann,  der  Physik,  1905,  vol. 
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17,  p.  627,  or  Science  Ahatraets,  1906,  vol.  8,  A.,  p.  606).  Rempp 
employed  the  Bjerknes  resonance  method  above  described,  the  second- 
ary circuit  being  very  loosely  coupled  with  the  primary  circuit  con- 
taining the  spark  gap.  He 
employed  rather  small  capa- 
cities, 270  to  6860  mmfds., 
and  long  spark  gaps,  0  to  5 
cms.  He  consideied  he  had 
proved  that  as  the  spark 
length  increases  from  zero 
the  spark  resistance  falls  to 
a  minimum,  which  occurs  at 
about  3  mm.  for  small  capa- 
cities and  6  mm.  for  large 
capacities,  and  that  after  this 
is  reached  the  spark  resist- 
ance increases  with  spark 
length  very  rapidly  for  small 
capacities,  but  much  more 
slowly  for  larger  capacities. 
He  found,  as  others  have 
done,  that  beyond  a  certain 
capacity  the  spark  resistance 
ceases  to  diminish  with  in- 
crease of  capacity.  Some  of 
his  results  are  delineated  in 
Figs.  6  and  7. 

These  results  of  Bempp 
have  been  shown  by  W. 
Eickhoff   (see    Phye.    Zeit- 
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FiQ.  6. — Guryes  showing  Results  of  Bempp's 
Observations  on  Spark  Resistance  for 
Various  Spark  Lengths  and  Capacities. 
The  rise  in  the  curves  with  increasing  spark 
length  is  a.spurious  effect  due  to  "  fringing  " 
or  glow  discharge  at  edges  of  coatings  of 
the  Leyden  jars  used. 
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schriftt  8  Jahrgang,  No.  15,  p.  494,  1907)  to  be  vitiated  by  the 
fact  that  the  brush  discharge  at  the  edges  of  the  coatings  of  the 
Leyden  jars  used  as  capacity,  is  a  source  of  dissipation  of  energy, 
which  is  equivalent  to  an 
increase  in  spark  resistance. 
The  magnitude  of  the  decre- 
ment of  the  trains  of  oscilla- 
tions is  increased  by  every 
source  of  energy  dissipation, 
such  as  heat  produced  in  the 
circuits,  or  in  the  condenser 
dielectric.  Hence  the  glow 
discharge  over  the  edges  of 
the  condenser  coatings  is,  un- 
less allowed  for,  reckoned  as 
energy  loss  due  to  the  spark 
resistance,  and  hence  would 
make  the  calculated  spark 
resistance  appear  too  large. 

The  author  repeated  some  of  Bempp's  experiments,  using  a  con- 
denser consisting  of  metal  plates  immersed  in  oil,  and  under  these 
conditions  glow  discharge  is  absent.     When  this  was  done  resistance 
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Fio.  7. — Bempp's  Observations  on  Spark 
Besistance  for  Various  Gapacities  and 
Spark  Lengths. 
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measurements  were  made  of  sparks  of  various  lengths,  and  no  evidence 
was  found  of  such  a  rise  in  spark  resistance  for  long  sparks  as  is 
indicated  in  Bempp's  curves  in  Fig.  6. 

The  author  carried  out,  in  conjunction  with  Mr.  Bichardson,  a 
series  of  experiments  on  the  decrement  and  spark  resistance  of 
oscillatory  circuits,  both  when  the  spark  was  subjected  to  an  air 
blast  and  when  it  was  not  blown  upon.  The  circuit  consisted  of  a 
rectangle  of  copper  wire  0*162  cm.  in  diameter,  the  sides  of  the  rect- 
angle being  respectively  34-17  cms.  and  142-1  cms.  The  inductance 
was  5012  cms.  and  the  high  frequency  resistance  0*31  ohm  for 
currents  of  a  frequency  of  1*26  X  10®.  The  capacity  in  series  with 
this  rectangle  was  an  oil  condenser  having  a  capacity  of  0-002645  mfd. 
The  spark  balls  were  brass  balls  3  cms.  in  diameter.  The  spark  resist- 
ance was  measured  by  the  Bjerknes  resonance  method  for  various 
spark  lengths  with  and  without  an  air  blast  on  the  spark  balls.  The 
decrements  per  semi-period  and  the  spark  resistances  are  given  in 
the  following  table.  The  frequency  employed  was  in  all  cases  near 
to  1-25  X  10«. 


Sfabk  Bbbibtancbb  and  Looabithmic  Dbobbmbntb  fob  Shobt  High 

Fbbqubncy  Spabes. 


Spark 

length  In 

mm. 

Air  blast  on 

spark  gap. 

Ko  air  blast  on  Bpark  gap. 

Log.  doc.  per  half 
period  of  circuit. 

Spark  resist- 
ance in  ohms. 

Log.  deo.  per  half 
period  of  drcnit. 

Spark  resist- 
anoe  in  ohms. 

1 

0-0467 

0-86 

0-0428 

0-76 

2 

0-0443 

0-80 

0-0447 

0-81 

8 

0-0897 

0-68 

0*0883 

0-65 

Experiment  shows  that  the  spark  resistance  tends  to  fall  slightly 
with  increasing  current  in  the  oscillation  circuit,  and  that  the  air 
blast  conduces  to  render  this  current  more  uniform. 

7.  Hagnetio  Damjping. — If  we  employ  as  the  oscillatory  circuit 
a  wire  made  of  magnetic  material,  then,  in  addition  to  the  damping 
or  decay  of  the  oscillations  caused  by  the  resistance  of  the  wire  and 
that  due  to  the  spark  (if  any)  in  the  circuit,  there  is  an  additional 
damping  due  to  the  work  absorbed  in  producing  the  magnetic 
changes  in  the  circuit.  Bjerknes  found  for  equal-sized  resonators 
made  of  wire  0*5  mm.  thick  a  logarithmic  decrement  of  0*017  if  the 
metal  was  copper,  but  013  if  it  was  iron  or  nickel.^i  The  fact  that 
such  magnetic  damping  occurs  is  proof  that  magnetic  metals  retain 
their  magnetizable  qualities,  and  therefore  hysteretic  energy  dis- 
sipating power,  even  when  the  magnetizing  force  is  being  reversed 
millions  of  times  per  second. 

Bjerknes   showed  by  experiment  that  an  iron  or  nickel  wire, 

1^  See  V.  Bjerknes,  Wted,  Ann.  der  Physik,  1892,  vol.  47;  p.  69,  and  vol.  48,  p. 
592, 1898.  The  above  numbers  are  half  of  those  given  by  Bjerlmes  to  adjust  them 
to  our  definition  of  the  log.  dec. 
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when  used  as  an  oscillatory  circuit,  has  sensibly  greater  damping 
than  a  copper  one,  also  that  the  deposition  of  the  thinnest  film  of 
electro-deposited  copper  on  the  iron  were  sufficed  to  annul  this  extra 
damping.  This  also  was  confirmed  by  similar  experiments  made  by 
Professor  Butherford  and  by  Miss  Brooks.^^  This  fact  alone  affords 
proof  that  electric  oscillations  are  confined  to  the  surface  skin  of 
the  wire. 

We  have  already  seen  (see  Chap.  II.,  p.  140)  that  this  con- 
centration of  the  current  at  the  surface  is  more  marked  with 
magnetic  conductors  than  in  the  case  of  non-magnetic  materials. 

At  one  time  it  was  considered  doubtful  whether  exceedingly  rapid 
alternations  of  magnetic  force  could  magnetize  iron,  and  therefore 
give  up  energy  to  it  in  consequence  of  magnetic  hysteresis.^s    There 


Fio.  8.— I,  Induction  Ck>il ;  L,  L,  Leyden  Jars ;  B,  Vacaum  Bulb ;  W,  Iron  Gore 

introduced  into  Coil. 


are  many  facts,  however,  which  show  that  the  penetration  of  the 
high  frequency  current  into  the  iron  conductor,  though  small,  is 
sufficient  to  bring  about  surface  magnetization,  and  therefore 
hysteretic  loss.  Suppose  we  set  up  a  pair  of  condensers  or  Leyden 
jars  and  connect  their  outer  coatings  by  a  thick  copper  wire,  in 
which  a  couple  6f  loops  of  two  or  three  turns  are  formed,  and  their 
inner  coatings  to  the  secondary  terminals  of  an  induction  coil  (see 
Fig.  8). 

If  in  one  of  the  loops  formed  in  this  circuit  we  introduce  a  glass 
bulb,  B  (see  Fig.  8),  containing  air  or  any  other  gas  highly  rarefied, 
we  find  that  at  each  discharge  of  the  coil  a  bright  ring  of  light  is 
formed  in  the  bulb.  This  is  an  induced  discharge  in  the  rarefied  gas 
acting  as  a  secondary  circuit.  The  discharge  may  be  so  adjusted 
that   the  introduction    of  any'  object    into  the  other  loop  in  the 

"  See  aLsoMiss  H.  Brooks,  Phil.  Mag.y  ser.  6,  vol.  2,  p.  92. 

^*  See  Hertz,  Ann.  der  Physik  und  Chemie,  1888,  vol.  34,  p.  668. 
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condenser    circuit    which    absorbs    the    energy    of   the  oscillation 
quenches  the  glow  in  the  gas. 

Professor  Sir  J.  J.  Thomson  has  shown  thai  it  is  possible  to 
arrange  the  experiment  so  that  the  introduction  of  a  cylinder  of 
copper,  or  bundle  of  copper  wire,  into  the  second  coil  of  the  primary 
circuit  does  not  much  afEect  the  luminous  discharge  in  the  gas,  but 
the  introduction  of  a  similar-sized  cylinder  of  iron  or  equal  bundle  of 
iron  wires,  W  (see  Fig.  8),  immediately  destroys  it.  This,  Professor 
Thomson  points  out,  must  be  a  consequence  of  the  energy  absorption 
involved  in  magnetizing  the  iron,  so  that  although  its  electrical 
conductivity  is  much  less  than  copper,  yet  owing  to  the  fact  that 
its  permeability  is  much  higher  than  unity,  its  damping  effect  on  the 
electrical  oscillations  is  on  the  whole  greater.i^^ 

Accordingly,  we  are  led  to  the  conclusion  that  even  at  these  high 
frequencies  the  iron  is  magnetized  by  the  action  of  electrical  oscilla- 
tions, and  possesses  a  permeability  which  is  probably  as  high  as  300 
or  400. 

Direct  photographic  proof  of  the  magnetizability  of  iron  by 
oscillatory  discharges  has  been  obtained  by  Dr.  E.  W.  Marchant, 
and  the  two  photographs  of  oscillatory  sparks  shown  in  Figs.  25 
and  26  of  Chap.  I.,  Ulustrate  this  fact  well.^^  The  first  photograph 
is  that  of  the  spark  taken  when  a  condenser  of  0*06  mfd.  was  dis- 
charged through  a  coil  having  an  inductance  of  about  5  microhenrys, 
the  potential  of  the  discharge  being  13,500  volts.  The  coil  contained 
in  this  case  no  iron  core.  The  second  photograph  shows  the  spark 
when  a  core  of  550  fine  iron  wire,  No.  28,  was  inserted  into  the 
paper  tube  on  which  the  wire  was  wound. 

These  photographs  show  that  the  effect  of  the  iron  is  to  increase 
the  time  period  or  to  slow  down  the  oscillations,  and  in  addition, 
owing  to  the  increase  in  the  permeability  of  the  iron  as  the  discharge 
current  dies  away,  we  see  that  the  interval  between  successive 
oscillations  increases — in  other  words,  the  oscillations  are  no  longer 
isochronous. 

Again,  it  has  been  shown  by  Professor  J.  J.  Trowbridge  that 
electric  oscillations  on  iron  wires  are  damped  out  more  quickly  than 
on  copper  wires,  and  that  there  is  an  energy  absorption  in  the  case  of 
iron  greater  than  can  be  accounted  for  by  its  electrical  resistance.i^^ 

An  excellent  investigation  by  Mr.  0.  £.  St.  John  has  confirmed 
the  above  results.i^  By  creating  stationary  electric  waves  on  wires, 
Mr.  St.  John  has  shown  that  the  inductance  of  iron  wires  is  greater 
than  that  of  similar-sized  copper  wires  when  made  into  circuits  of 
the  same  form,  and  conveying  electric  oscillations  of  a  frequency  of 
about  56  millions  by  3*4  to  4*3  per  cent.,  and  he  has  confirmed  the 
result  that  in  the  case  of  iron  wire  there  is  a  more  rapid  damping  out 
of  the  oscillations. 

^^  See  "  Besearches  in  Electrioity  and  Magnetism/'  p.  828 ;  also  see  J.  J. 
Thomson,  Phil.  Mag.,  Deo.,  1891,  p.  460. 

^^  Taken  from  a  letter  by  Dr.  Marchant  to  NcUure,  Aug.  80, 1900. 

^*  See  Prof.  J.  Trowbridge,  '*  The  Damping  of  Electric  Oscillations  on  Iron 
Wires,"  Phil,  Mag.,  Dec.,  1691,  ser.  6,  vol.  82,  p.  604. 

"  See  Mr.  C.  E.  St.  John,  **  Wave  Lengths  of  Electricity  on  Iron  Wires,'* 
Phil  Mag.,  Nov.,  1894,  ser.  5,  vol.  88,  p.  426. 
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The  experiments  show  that  the  permeabUity  of  the  iron  even  at 
this  high  frequency  is  on  an  average  still  as  high  as  385. 

The  result  of  an  extensive  research  was  published  in  1913  by 
Prof.  E.  W.  Marchant  (see  Proc,  Roy.  Soc,  Lond,,  vol.  88a,  p.  264, 
1913),  in  which  he  gave  details  of  many  measurements  made  to 
determine  the  relation  between  magnetizing  force  and  permeability 
in  the  case  of  iron  or  nickel,  when  the  magnetizing  force  was  pro- 
duced by  condenser  discharges.  He  confirmed  the  accuracy  of  the 
Kelvin  formula  (see  Chap.  I.,  §  5)  when  using  an  air  condenser 
and  air  core  inductance.  When  an  iron  wire  core  was  inserted  in  the 
inductance  spiral  the  oscillations  were  found  to  be  more  quickly 
damped  out,  the  damping  being  mostly  due  to  eddy  current  loss  in 
the  iron ;  also  the  time  for  each  half  oscillation  increases  with  the 
duration  of  the  discharge.  This  phenomenon  is  a  consequence  of  the 
increase  in  the  permeability  of  the  iron  as  the  current,  and  conse- 
quently the  magnetizing  force,  gradually  decreases.  The  variation  of 
effective  permeability  as  found  from  the  oscillograms  agrees  within 
limits  of  experimental  error  with  that  found  for  the  same  iron  with 
steady  magnetizing  forces.  The  same  effects  were  found  in  the  case 
of  nickel.  The  frequencies  used  in  these  experiments  varied  from 
about  20,000  to  60,000. 

In  discussing  the  various  forms  of  detectors  for  electric  waves,  we 
shall  have  to  notice  some  which  depend  for  their  action  upon  the  fact 
that  electric  oscillations  can  alter  the  magnetic  hysteresis  of  iron,  as 
well  as  increase  its  effective  magnetic  permeability. 

The  practical  deduction  to  be  made  from  the  above  facts  is  that 
the  rate  at  which  electric  oscillations  decay  on  an  iron  wire  is  much 
greater  than  that  at  which  they  would  decay  if  a  non-magnetic  wire 
of  the  same  size  is  used ;  in  other  words,  the  logarithmic  decrement 
is  greater.  This  is  in  some  small  degree  due  to  a  difference  in 
electric  resistance,  but  chiefly  to  the  magnetic  permeability  of  the 
iron.  Therefore  the  moral  is,  that  iron  wires  must  not  be  used  for 
constructing  oscillatory  circuits  in  which  it  is  desired  that  the 
oscillations  shall  be  as  little  damped  as  possible.  Hence  iron  must 
not  be  used  for  wireless  telegraph  aerials.  Nevertheless,  well- 
galvanized  iron  wire  can  be  used,  since  it  has  been  shown  that  a 
very  thin  layer  of  zinc  placed  on  iron  is  sufficient  to  confine  the 
electric  oscillations  to  the  zinc,  and  prevent  them  from  penetrating 
to  the  iron  beneath  and  giving  up  their  energy  to  it. 

8.  Damping  due  to  Radiation  and  other  Ganses. — It  will  have 
been  evident,  from  the  facts  considered  in  the  two  previous  sections, 
that  any  source  of  dissipation  of  energy  in  the  oscillatory  circuit 
shows  itself  by  causing  damping  or  decay  in  the  oscillations.  Hence 
not  only  does  ohmic  resistance  of  the  circuit  or  spark  gap  and  mag- 
netic hysteresis  (if  any)  in  the  wire  circuit  create  damping,  but 
dielectric  hysteresis  (if  any),  or  true  dielectric  conduction,  or  brush 
discharges  over  the  dielectric  surface  of  the  condenser  used,  are  also 
possible  additional  causes.  Also,  if  energy  is  being  sent  off  from  the 
oscillatory  circuit  in  the  form  of  electric  waves  or  radiation,  this  also 
creates  very  considerable  damping.  In  a  later  chapter  we  shall  study 
more  particularly  the  forms  of  circuit  which  can  thus  radiate.  Mean- 
while we  may  say  that  if  the  distance  between  the  two  surfaces  which 
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Fia.  9. — a,  Closed  Oscillation  Circuit ; 
6,  Cf  Open  Oscillation  Circuits. 


form  the  condenser  is  small  compared  with  the  linear  dimensions  of 
the  smaller  of  the  two  plates,  then  the  circuit  containing  this  con- 
denser is  called  a  closed  oscillation  circuit.  If,  however,  the  distance  is 
large  compared  with  the  linear  dimension  of  the  smaller  of  the  two 
su^aces,  the  circuit  is  called  an  open  oscillation  circuit. 

Typical  instances  of  closed  or  f  eehly  radiative  and  open  or  strongly 

radiative  circuits  are  shown 
in  Fig.  9. 

Again,  if  we  couple  a 
nearly  closed  oscillatory  cir- 
cuit consisting  of  a  con- 
denser, C,  spark  gap,  S,  and 
inductance  coil,  L,  with 
another  suitably  tuned  open 
circuit,  M  (see  Fig.  10),  the 
open  circuit  can  have  electric 
oscillations  created  in  it  in- 
ductively by  the  other,  and 
these  oscillations  can  in  turn 
create  a  disturbance  called  an  electro-magnetic  wave  in  the  surround- 
ing 8Bther.  Hence  energy  is,  so  to  speak,  sucked  out  of  the  closed 
circuit  by  the  radiating  circuit,  and  considerable  damping  ensues. 
The  closed  circuit  alone  cannot  radiate  if  the  condenser  plates  are 
close  together,  but  it  can  radiate  if  coupled  with  an  open  one. 

If  oscillations  are  created  in  a  nearly  closed  circuit  by  connecting 
the  spark  balls  to  the  secondary  terminals  of  an  induction  coil,  then 
experiment  shows  that  these  oscillations  are  very  persistent,  the 
logarithmic  decrement  is  small,  and  the  damping  almost  wholly  due 
to  the  resistance  of  the  spark.     Several  dozen  oscillations  may  take 

place  before  the  electrical 

□                         ■Jixxv  I — I     disturbance  dies  away.    On 
^00000^ LJ     the  other  hand,  if  we  set  up 

oscillations  in  an  open  cir- 
cuit, the  decay  of  the  oscilla- 
tions is  much  more  rapid, 
and  is  almost  entirely  due 
to  the  fact  that  they  impart 
their  energy  to  the  sur- 
rounding 8Bther,  and  create 
electric  waves  by  a  process 
discussed'  more  in  detail  in 
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FrG.  10. — Inductive  Coupling  of  a  Closed  and 
Open  Oscillation  Circuit. 


a  subsequent  chapter.  There  are,  therefore,  very  few  oscillations,  a 
dozen  at  most,  before  the  electrical  motion  has  practically  ceased. 
There  is,  therefore,  a  very  great  difference  between  these  two  forms 
of  circuit.  The  closed  circuit  is  called  a  persistent  oscillator,  and 
the  open  one  a  good  radiator. 

As  we  can  always  avoid  using  iron  or  magnetic  wires  for  oscil- 
latory circuits  and  also  condensers  in  which  internal  dielectric  energy 
losses  occur,  we  need  not  concern  ourselves  further  with  the  increase 
in  damping  which  arises  from  hysteresis  losses,  whether  magnetic  or 
dielectric.  On  the  other  hand,  we  are  unable  to  Narrest  the  decay  of 
oscillations  due  to  resistance  or  radiation.     The  total   logarithmic 
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decrement  in  any  oscillatory  circuit  is  therefore  made  up  of  two 
parts — 

(].)  Damping  due  to  resistance,  and  (ii.)  damping  due  to  radi- 
ation. 

The  relative  numerical  value  of  these  two  decrements,  or  parts 
of  the  total  decrement,  depends  upon  the  nature  of  the  oscillatory 
circuit. 

In  the  case  of  an  open  circuit  oscillator,  such  as  a  Hertzian 
oscillator,  consisting  of  two  rods  placed  in  line  with  their  ends  nearly 
touching,  and  furnished  with  spark  balls,  or  in  the  case  of  a  Marconi 
aerial,  consisting  of  a  pair  of  spark  balls,  one  connected  to  the  earth 
and  the  other  to  a  vertical  insulated  wire,  the  radiation  decrement 
very  greatly  exceeds  the  resistance  decrement. 

In  the  case  of  a  certain-  circular  Hertz  resonator,  consisting  of 
a  nearly  closed  metallic  circuit  interrupted  by  an  air  condenser, 
S.  Lagergren  found  that  the  radiation  decrement  was  0071,  whilst 
the  resistance  decrement  was  only  0*0064,  the  total  decrement 
being  0*077.18 

M.  Planck,  however,  found  that  the  radiation  decrement  for  an 
open  or  radiative  circuit  of  the  Hertzian  type  was  as  high  as  0*15, 
whilst  the  resistance  decrement  was  only  0*045,  the  total  decrement 
being  0196.i» 

Bjerknes  has  shown  that  for  certain  equal  oscillators  made  respec- 
tively of  copper  and  platinum,  in  the  case  of  the  copper  75  per  cent, 
of  the  energy  lost  is  due  to  radiation,  and  25  per  cent,  is  dissipated 
by  resistance ;  whereas  for  the  platinum  37*5  per  cent,  was  lost  by 
radiation  and  62*5  per  cent,  by  resistance. 

The  predetermination  of  the  radiation  logarithmic  decrement  can 
only  be  achieved  in  a  few  cases  by 

reason  of  the  difl&culty  of  the  calcu-         ^ i ^ 

lations.  ^-^  ^^^ 

Taking    the    case    of    a    linear     f   J  o  o  \J 

oscillator   consisting    of    two   metal     ^-^ 

spheres   at  the    extremities  of    two       Fig.  11.— Dumb-bell  OsciUator. 
metal   rods,  provided  at  their  inner  (Herts.) 

ends  with  small  spark  balls  (see  Fig. 

11),  Hertz  calculated  the  energy  stored  up  and  the  energy  lost  per 
oscillation  to  be  as  follows  ^ : — 

Let  I  be  the  length  of  the  oscillator,  measured  from  ball  to  ball, 
let  A  be  the  wave  length  of  the  radiation  emitted,  and  Q  the  charge 
on  either  half  of  the  oscillator  just  before  the  spark  discharge  begins. 
Then  Hertz  shows  that  the  energy  lost  by  radiation  from  this 
oscillator  per  half  period  is  given  by  the  expression — 

3A«       ^     ^ 

For  the  proof  of  the  above  formula  we  must  refer  the  reader  to  §  9, 

"  See  S.  Lagergren,  "  Ueber  die  Dampfung  Eleotrischer  Resonatoren,"  Wied, 
Ann.  der  Physik,  1890,  vol.  64,  p.  290. 

«•  See  Max  Planck,  Wied.  Ann,,  1897.  vol.  60,  p.  599.  These  figures  are,  of 
oonrse,  the  decrements  per  hall  period.  Planck  gives  the  decremental  values  per 
whole  period. 

••  See  Hertz,  "  Electric  Waves,"  English  translation  by  D.  E.  Jones,  p.  160. 


280  DAMPING   AND  BESONANGB 

Chap,  v.,  of  this  treatise.^^  Also  in  §  10,  Chap.  Y.,  it  is  shown  as 
a  consequence  that  if  C  is  the  capacity  of  one  part  of  the  oscillator 
with  respect  to  the  other,  and  8  is  the  radiation  logarithmic  decrement 
as  defined  for  the  semi-period — 

«=^-^°  ■ .  ■ (») 

We  may  apply  this  to  a  case  given  by  Hertz  himself  (see  '*  Electric 
Waves,"  p.  150). 

The  oscillator  consisted  of  two  metal  rods,  each  5  mm.  in 
diameter  and  50  cms.  in  length.  To  the  ends  of  these  rods  were 
attached  metal  spheres,  30  cms.  in  diameter  (see  Fig.  11).  The  rods 
were  placed  in  line,  with  a  spark  gap  of  7*5  mm.  between  the  small 
knobs  terminating  the  metal  rods. 

We  have  first  to  calculate  the  capacity  of  one  half  of  the  oscillator 
with  respect  to  the  other.  The  capacity  of  a  sphere  in  electrostatic 
units  is  numerically  equal  to  its  radius  in  centimetres. 

The  capacity  of  one  sphere  with  respect  to  the  other  is,  however, 
only  half  of  the  above  value,  because  the  two  spheres  may  be  con- 
sidered to  be  in  series  with  each  other.  Hence  the  capacity  with 
which  we  are  concerned  is  equal  to  7*5  cms.  Inserting  this  value  for  C 
in  the  expression  (31),  and  the  values  tt*  =  97*4, 1  =  100,  and  A  =  480 
(as  given  by  Hertz),  we  find  for  the  value  of  the  radiation  decre- 
ment 8 — 

g  _  16  X  97-4  X  (100)2  X  7-6  _ 

^  - "  6~x"(480)8  - " "     •     •    ^^^' 

To  obtain  the  total  decrement,  we  have  to  add  to  this  the  resist- 
ance decrement.  Since  the  resistance  is  almost  entirely  due  to  the 
oscillatory  spark,  that  of  the  rod  being  negligible,  it  will  be  sufficient 

r 
to  calculate  it  by  the  formula  ^-^,  where  r  is  the  resistance  of  the 

spark,  71  the  frequency,  and  L  the  inductance  of  the  rods. 

The  high  frequency  inductance  of  the  straight  rod,  100  cms.  in 
length  (=  I)  and  5  mm.  in  diameter  (=  d),  can  be  approximately 
calculated  by  the  formula — 


L  =  2z(logi^-l) (33) 


d 

Hence  L  =  1134  cms.     The  frequency  is  therefore  nearly  50  X  10®. 

The  value  of  4nL  is  therefore  204  x  10®,  or  nearly  200  ohms. 

We  have  already  seen  that  the  resistance  of  a  7-mm.  oscillatory 
spark  may  be  rather  over  5  ohms,  and  hence  the  logarithmic  decre- 
ment due  to  resistance  would  then  be  about  ^,  or  0025.  Hence,  for 
the  oscillator  in  question,  when  in  operation  we  have  a  radiation 
decrement  equal  to  017,  and  a  resistance  decrement  equal  to  0*025, 
and  a  total  logarithmic  decrement  of  0-2  nearly.  Hence  the  loss  of 
energy  by  radiation  per  oscillation  is  more  than  10  times  as  great  as 
that  due  to  the  resistance  of  the  spark. 

'^  See  also  '*  i^ther  and  Matter,"  Adams  Prize  essay,  by  Sir  Joseph  Larmor, 
M.P.,  F.B.S.,  p.  225,  where  the  same  formula  is  deduced  by  a  difierent  method. 
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Y.  Bjerknes,  in  an  important  paper,"  has  shown,  by  the  method 
akeady  explained,  that  the  total  damping  of  a  Hertzian  oscillator  is 
very  large,  and  he  obtained  experimentally  for  a  certain  Hertzian 
oscillator  total  logarithmic  decrements  with  various  spark  lengths,  as 
follows : — 

Total  logtrlihmic  decrenMOt 
Spark  length.  p«r  half-period. 

1  mm 0-14 

a      „ 016 

8      „ 016 

4  , 017 

5 0-20 

The  gradual  increase  in  the  value  of  8  is  without  doubt  due  to  the 
steady  increase  in  the  spark  resistance  with  spark  length,  which 
increases  the  part  of  the  decrement  due  to  resistance.  The  agree- 
ment between  the  calculated  value  of  the  total  decrement  and  that 
obtained  experimentally  by  Bjerknes  for  a  5-mm.  spark  is  very  dose. 

In  another  case,  Bjerknes  measured  the  logarithmic  decrement 
of  a  Hertz  radiator  consisting  of  two  metal  rods,  each  5  mm.  in 
diameter  and  50  cms.  in  length,  having  attached  at  the  ends  circular 
discs  of  metal  30  cms.  in  diameter.  The  opposite  ends  terminated  in 
spark  balls,  and  the  rods  were  placed  in  line  with  each  other. 

The  capacity  in  free  space  of  a  circular  disc  of  diameter  D  cms.  in 

electrostatic  units  is  -.     Hence  in  this  case  the  capacity  of   each 

disc  in  space  was  nearly  10  cms.  The  capacity  of  one  half  of  the 
oscillator  with  respect  to  the  other  is  therefore  5  cms.,  or  a  little  more, 
on  account  of  the  capacity  of  the  rod. 

Bjerknes  found  that  the  wave  length  of  the  wave  radiated  from 
the  oscillator  was  431*2  cms.     Hence,  substituting  in  the  formula  for 

8  the  values  0  =  6,  A  =  431-2,  I  =  100,  we  have— 

5V      16  X  97-4  X  (100)2  X  5 

^  =  -        6  X  (431^2)3 =  ^16 

The  resistance  decrement,  for  the  Hertz  oscillator  previously 
mentioned,  has  a  value  of  about  0025.  Hence  the  total  decrement 
should  be  0185. 

Bjerknes  found  experimentally,  for  this  oscillator,  a  total  loga- 
rithmic decrement  (per  half-period)  of  0*2,  which  agrees  fairly  well 
with  the  above  calculated  value.^ 

An  important  case,  which,  however,  can  only  be  treated  approxi- 
mately, is  that  of  the  Marconi  aerial  wire  in  its  original  form.  As  we 
shall  see  in  a  subsequent  chapter,  Marconi  made  telegraphy  without 
wires  by  means  of  electric  waves  possible  by  his  invention  of  the 
earthed  antenna  or  linear  radiator. 

A  vertical  insulated  wire  has  a  spark  ball  at  the  lower  end  which 

**  See  V.  BjerknoB,  "  Uber  die  Dampfung  SchneUer  Eleotrischer  Schwingun- 
gen,**  Wied,  Ann.  der  Phyaik,  1891,  vol.  44,  p.  74. 

**  See  V.  Bjerknes,  Bihang  till  K.  Svenska  Vet.  Akad.  Handlungen,  1898, 
90  Afd.,  I.  nr.  6,  II.  p.  6,  **  Ueber  Electriacbe  Uesonanz ; "  see  alao  M.  Planok, 


L.  p. 
ffifc, 


Wied.  Ann.  der  Phy$ik,  1897,  vol.  60,  p.  595. 
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is  placed  in  apposition  to  another  spark  ball  connected  to  the  earth. 
The  two  balls  are  connected  to  the  secondary  terminals  of  an  induction 
coil.  When  the  coil  is  in  action  the  aerial  wire  is  charged  and 
discharged  alternately  with  oscillations  across  the  spark  gap.  It  is 
well  known  that  these  oscillations  are  strongly  damped.  We  can 
obtain  a  fair  approximation  to  the  logarithmic  decrement  and  to  the 
damping,  as  follows : — 

If  a  wire  is  set  up  vertically  to  the  surface  of  the  earth,  the  earth 
being  a  fairly  good  conductor,  and  if  the  wire  receives  an  electrical 
charge,  it  forms  an  electrical  image  of  itself  in  the  conductivity  earth ; 
the  electric  force  in  surrounding  space  being  due  to  the  joint  action  of 
the  charge  in  the  wire  and  that  on  an  oppositely  charged  inverted 
duplicate  of  itself  below  the  surface  called  its  electrical  image.  The 
effect  is  closely  analogous  to  the  optical  effect  produced  if  a  luminous 
rod  is  set  up  vertically  on  a  mirror.  The  illumination  at  any  point  in 
space  will  be  due  to  the  rod  and  to  its  optical  image  in  the  mirror. 

A  straight  aerial  wire  may  be  regarded  as  an  extreme  case  of  a 
prolate  ellipsoid.  Hence  if  the  wire  has  a  height  h  and  a  diameter  d 
we  may  consider  that  the  wire  and  its  electrical  image  can  be  re- 
placed Dy  an  ellipsoid  of  revolution  with  a  semi  major  axis  h  and  a 
semi  minor  axis  equal  to  d/2. 

We  have  already  seen  in  Chap.  II.,  §  7  (90),  that  the  capacity  of 
such  an  ellipsoid  of  revolution  is  given  by  the  expression— -2* 

C'  =  -TX (34) 

Hence  the  capacity  of  the  wire  itself  may  be  considered  as 
approximately  equal  to  that  of  a  semi-ellipse  or  to  half  of  the  above 
value.  This  capacity  is  distributed  all  along  the  wire,  but  it  is  clear 
that  we  can  replace  this  distributed  capacity  by  a  located  or  concen- 
trated capacity  at  the  summit  of  a  wire  of  negligible  capacity. 

It  can  be  shown  that  if  an  ellipsoid  of  revolution  is  divided  by 
equidistant  parallel  planes  taken  perpendicularly  to  its  axis  of  revolu- 
tion, each  of  the  zones  into  which  the  surface  is  divided  has  the  same 
electrical  capacity  in  situ.  Hence  if  the  vertical  wire  is  not  too  near 
the  earth  we  may  assume  that  its  capacity  per  unit  of  length  is  the 
same  all  the  way  up  it.  As  a  matter  of  fact,  in  actual  aerial  wires  the 
bottom  portions  have  larger  capacity  per  unit  of  length  than  the  upper 
ones,  by  reason  of  their  greater  proximity  to  the  earth. 

We  hiave  in  the  next  place  to  calculate  the  equivalent  located 
capacity  of  such  a  linear  oscillator. 

In  discussing  the  case  of  the  Hertzian  oscillator  above,  we  have 
assumed  that  the  electrical  capacity  was  limited  to  the  capacity  of 
the  two  spheres  placed  at  the  outer  ends  of  the  linear  oscillator  or 
wire  interrupted  in  the  centre  by  a  spark  gap. 

In  the  case  of  the  single-wire  antenna,  we  have  capacity  dis- 
tributed all  along  it,  and  we  must  calculate  what  must  be  the  capacity 
which,  concentrated  at  the  top  of  the  aerial,  would,  when  charged  with 
the  potential  found  at  the  summit,  give  a  total  electric  charge  equal 

^*  J.  A.  Fleming  and  W.  G.  Clinton,  "  On  the  Measnrement  of  Small  Capacities 
and  Inductances,*'  Phil,  Mag.,  ser.  6,  voL  5,  p.  492 ;  see  also  Chap.  IL,  §  7. 
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to  that  actually  resident  on  the  wire.  We  shall  show  in  the  next 
chapter  (see  Chap.  lY.,  §  7)  that  when  the  fundamental  oscillations 
are  excited  on  such  a  wire  the  maximum  potential  increases  all  the 
way  up  the  wire  from  the  earthed  end  to  the  top  in  accordance  with 
a  simple  sine  law.  This  fact  has  been  experimentally  confirmed. 
Hence  if  V  denotes  the  maximum  potential  of  an  element  of  the  wire 
at  any  distance,  Xj  from  the  earth,  and  if  Yh  is  the  potential  at  the  top 
of  the  aerial  wire  of  height  h,  then  the  expression — 


V=v.,i„(5.5) 


gives  us  a  value  for  V  which  complies  with  the  terminal  conditions. 
Let  c  be  the  capacity  of  the  wire  per  unit  of  length,  and  hence  the 
whole  capacity  of  the  wire  C  is  given  by — 

G  =  ch= ^ 


21og.^ 


The  maximum  charge  of  electricity  dQ  on  any  element  of  length 
dx  of  the  wire  is  then — 

^*  ^°  (I  •  f )  '^'^ 
dQ  =  6Vdx  = ^^-jr — 

2  log.  -^ 

To  obtain  the  whole  charge  of  the  wire,  we  have  to  integrate  the 
above  expression  between  the  limits  h  and  0.     Hence  we  have — 

21og.^j^  2  1og.^ 

Hence  the  distributed  capacity  G  could  be  replaced  by  a  capacity 

2 

-  C  located  at  the  top,  and  this  if  charged  to  the  potential  of  the  top 

TT 

of  the  aerial  would  give  a  charge  equal  to  that  actually  distributed 
along  the  aerial.     The  quantity  -CY*  is  called  the  eJertrie  moment  of 

IT 

the  antenna. 

The  antenna   with   its  distributed    capacity   may  therefore    be 

2 
replaced  by  an  imaginary  antenna  having  a  capacity  -C  located  at  the 

TT 

top,  at  a  height  h  above  the  earth.  In  each  case  there  will  be  an 
electrical  image  of  opposite  sign  in  the  earth.  The  capacity  of  the 
antenna  with  respect  to  its  image  in  the  earth  is  the  same  as  that  of 
the  equivalent  located  capacity  placed  at  the  summit  of  a  wire  with- 
out capacity,  with  respect  to  its  image  in  the  earth.  This,  as  in  the 
case  of  the  Hertzian  oscillator  consisting  of  a  pair  of  spheres  at  the 
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outer  ends  of   a  rod,  is   therefore   equal   to  half   the    capacity  of 
the  antenna  above  ground,  and  is  therefore  given  by  the  expression — 

0=2"  4y^  = 35i    ....     (35) 

2  log* -5-      27rlog€-r 
a  a 

Hence  in  the  general  expression  for  the  radiation  decrement  (31) 
we  have  to  substitute  the  above  value  for  C.  Again,  as  we  shall  show  in 
Chap.  IV.,  the  wave  length  of  the  wave  radiated  from  a  simple  rod 
oscillator  earthed  at  the  lower  end  is  approximately  five  times  the 
height  of  the  aerial  wire.  Hence  in  (31)  we  have  to  substitute  6h  for 
A  or  125A8  for  A^.  Also  since  in  (31)  we  used  the  letter  I  for  the  whole 
length  of  the  oscillator  we  have  to  substitute  2A  for  /.  Making  these 
substitutions  the  formula  (31)  viz. — 


6A3 
it  becomes    o  =  ....i^-^ 


u 


1500  logf  - 
a 

But  since  ifi  =  31-006,  the  above  expression  is  very  nearly  equiva- 
lent to — 


(35a) 


This  gives  us  the  radiation  decrement  per  half-period.  The  decre- 
ment per  complete  period  is  therefore  double  the  above,  and  is — 

^=fk w 

108.-5 

An  expression  in  close  agreement  with  the  above  was  given  by  M. 
Abraham  (see  Annalen  der  PhysiJc,  vol.  66,  p.  435,  1898)  differing  only 
from  (356)  in  that  the  constant  is  2*44:  instead  of  2*67  (see  Chap.  Y., 
§  12  r71)). 

Also  a  formula  has  been  obtained  by  L.  Cohen  by  a  different 
method,  which  is  quite  identical  with  (356),  in  a  paper  on  .Elsciro- 
magnetic  Radiation  published  in  the  Journal  of  the  Franklin  Institute, 
U.S.A.,  for  April,  1914. 

To  sum  up,  we  may  say  that  for  any  ordinary  form  of  Hertzian 
oscillator,  including  a  Marconi  vertical  wire  aerial  radiator,  the 
logarithmic  decrement  per  half-period  due  to  radiation  has  a  value 
not  far  from  0*1  or  0-2,  whilst  the  logarithmic  decrement  per  half- 
period  due  to  the  resistance  of  the  spark  is  very  considerably  less, 
say,  about  001  or  002. 

This  means  that  the  oscillations  are  practically  extinguished  in 
about  ten  complete  oscillations  or  less.  For  since  €*"  ^  °*^  =  c*  =  54*6, 
a  logarithmic  decrement  of  0-2  implies  that  the  tenth  complete  oscilla- 
tion has  a  value  which  is  only  2  per  cent,  of  the  first  oscillation,  and 
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is  therefore  praotioally  negligible.  To  facilitate  the  calculation  of  the 
decay  of  oscillations  for  given  decrements,  we  append  a  table  of  the 
powers  of  €  for  various  fractional  and  integer  exponents.     In  Fig.  12 


Z  A  6  6  f 
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Fio.  12.— Curves  showing  the  Amplitude  of  the  Oscillatory  Potential  or  Current 
at  the  end  of  each  Complete  Period  for  Various  Values  of  the  Decrement  8  per 
semi-period. 

are  shown  a  series  of  curves  which  are  the  plotting  of  the  equation 
y  =  €""'  for  different  values  of  8  marked  on  the  curves. 

Valubs  op  €*• 
€  =  2-71828. 


s 

8 
€  . 

S 

8 

8 

100    .  . 

8 
.       2«72 

8 

e'. 

(KK)     .     , 

.     1000 

010     .     . 

1105 

6-60     .      . 

244-6 

0-01     .     . 

.     1-010 

0-20     .     . 

,    1-220 

1-60    .      . 

4-48 

6-00     .      . 

403-4 

0-oa  . 

.    1-oao    0-80   .    . 

1-35 

200    .     . 

7-89 

6-50     . 

763-6 

008    .     . 

.     1-030  1  0-40     . 

.    1-49 

2-60    .     , 

1218 

7-00     .     . 

.     10960 

004     . 

.     1041 

0-60     . 

,    1-63 

3-00    .      , 

2010 

7-60     . 

.     1808-0 

0-06     .     . 

.     1-062 

0-60     . 

.    1-82 

3-60    .     . 

.     3812 

8-00     .     , 

.     29810 

0-06     . 

.     1-062 

0-70     . 

.    202 

4-00    .      . 

.     64-6 

8-60     .     . 

0O7     . 

.     1072 

0-80     . 

.    2-22 

4-50    .      . 

.     88-0 

900     .     . 

oroa  . 

.     1088 

0-90     . 

.    2-46 

6-00    .     . 

.  148-4 

10-00     .     . 

0-09     . 

.     1-094 

If  the  amplitude  of  the  first  oscillation  is  taken  as  unity,  the 
ordinates  of  any  curve  show  the  successive  amplitudes  at  the  end 
of  each  period,  corresponding  to  decrements  per  half-period  marked 
on  the  curve. 

An  expression  for  the  ratio  between  the  radiation  decrement  8^ 
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and  the  resistance  decrement  8«  has  been  estabUshed  by  Max 
Planck,25  who  arrives  at  the  formula — 

8^      87r2//Y3x  lO^Q 
8,""   3   \A/    r  Xl0» 

where  r  is  the  spark  resistance  in  ohms,  and  I  and  A  are  the  length 
and  wave  length  of  the  oscillator.  Since  A  is  from  4  to  5  times  I,  and 
r  may  be  5  to  10  ohms  generally,  we  have — 

|=2«-^2'-S <^^) 

which  may  have  a  value  from  6  to  16  or  so,  according  as  we  take 

A2 
r  P=  5  or  10  and  —  ==  16  or  25. 

A  formula  very  similar  to  that  given  by  Planck  can  be  deduced 
for  the  ratio  of  the  energy  expended  in  radiation  and  that  expended 
in  the  spark. 

Consider  the  fir^  half-period  ( -  j  of  an  oscillation  in  which  the 

maximum  current  is  I^,  and  therefore  the  root-mean -square  value 
J- 

- .—.     We  have,  for  the  value  of  the  energy  expressed  in  electrostatic 

units  (E^)  expended  in  the  spark  (of  which  the  resistance  is  r  ohms) 
in  the  first  half-period,  the  expression — 

r  X  10»  X  /i^  X  r  ^ 

^•=9X1020X2^^ ^^^> 

The  numeric  9  X  10^  in  the  denommator  is  the  factor  for  con- 
verting resistance  measured  in  electromagnetic  units  to  resistance 
measured  in  electrostatic  units. 

In  one  half -period  the  energy  expended  in  radiation,  also  expressed 
in  electrostatic  units  (Er),  is  given  by  Hertz's  formula — 

^'-^ w 

As  we  have  already  shown  (see  p.  253,  equation  (13))  that — 

C2^2V2  =  Q2p2  =  /?€*......      (40) 

Substituting  the  above  value  of  Q2  in  Hertz's  expression,  we  have — 

2'7r2c*/2/,2 

Hence,  dividing  equation  (41)  by  (38),  and  remembering  that  for 
electric  radiation  through  space  nA  =  3  X  lO^^^  we  obtain — 

?r_?!^^f?.f3X_10^°  (42) 

E,-   3  ^W    rXlO" ^     ' 

'*  See  Max  Planck,  **  Ueber  Eleotrische  Schwingungen  welche  durch  Besonanz 
erregt  und  durch  Strahlung  gedampft  werden,"  Wied,  Ann,  der  Physik,  1897,  vol. 
60,  p.  577.    • 
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Hence  the  ratio  is  independent  of  the  amplitude,  and  is  the  same  for 
each  half -oscillation,  and  therefore  for  the  whole  train. 

The  formula  (42)  differs  from  Planck's  formula  (36)  only  by  the 

factor  €<,  and  this  is  nearly  unity  if  O  is  small.     This  factor,  however, 

is  not  unity  if  S  has  a  value  such  as  0*2,  for  then  ^  is  near  to  1*2. 

It  is  easy  to  show  that  if  the  decrement  S  has  such  a  small  value 

that  €*  is  unity,  then  we  must  have — 

B.-8. 

where  O^  is  the  radiation  decrement  and  o«  the  resistance  decrement. 

Taking  the  expression  for  8^  derived  from  Hertz's  formula  for  the 
radiation  per  half -period  (see  Ohap.  V.,  §  10),  and  expressing  the 
capacity  G  in  farads^  we  have — 

-,  _167r*TCw2 
^'       6A3  .  l6» 

where  w  =  3  X  lOw 

Also,  since  the  resistance  decrement  is  given  by 

where  r  is  the  spark  resistance  in  ohms  and  L  is  the  circuit  inductance 
in  henrys,  we  have,  by  division,  remembering  that  ^tt^GLh^  =  1 — 

8r        Sit^fiu 


i4^-^^(^ '«) 


8,""3rA2.10» 

But  the  above  formula  is  Planck's  (36),  and  differs  only  from  (42) 
by  the  absence  of  the  factor  €*.     Hence  generally — 

E.-8; 

where  8  is  the  total  decrement. 

We  may  apply  this  last  formula  (43)  t6  calculate  the  radiative 
efficiency  of  a  Marconi  aerial  radiator  having  the  form  of  It  simple  wire 

of  length  /  and  a  total  decrement  8  =  0*2,  which  would  be  the  case 
if  the  spark  had  a  length,  say,  of  5  mm.,  and  therefore  a  resistance 

of  about  5  ohms.  Under  these  conditions  e'  =  1-22  nearly  and  r  =  5. 
Then,  since  the  wave  lengths  A  of  the  radiated  wave  would  be 
rather  more  than  four  times  the  length  I  of  the  radiator,  we  have 
approximately — 

and  we  may  say  that  the  energy  radiated  is  12  times  that  dissipated 
in  the  spark,  or  the  efficiency  of  radiation  is  nearly  92*5  per  cent. 

9.  Free  and  Forced  Osoillations.    Reaonance.— In  all  depart- 
ments of  physics  in  which  we  are  concerned  with  vibrating  bodies  or 
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systems  of  any  kind,  we  find  ourselves  confronted  T^th  a  phenomenon 
which  is  generally  described  by  the  term  resonance.     This  term  was  , 
originally  coined  in  connection  with  certain  eifects  noticed  in  acoustics , 
but  its  real  origin  being  dynamical,  it  has  been  generalized  and  ex- 
tended. 

In  its  simplest  form  it  can  be  exemplified  by  an  experiment  due 
to  Professor  H.  A.  Eowland.2«  Let  a  wooden  lath 
(see  Fig.  13)  be  provided  at  the  bottom  with  a  weight, 
and  let  it  be  suspended  at  the  top  so  as  to  be  capable 

rof  vibrating  like  a  pendulum  in  one  plane.  It  is  then 
said  to  have  one  degree  of  freedom.  At  a  point  just 
below  the  point  of  suspension  let  a  steel  pin  be  placed 
through  the  rod,  so  as  to  project  out  at  right  angles  to 
the  rod  and  the  plane  of  oscillation.  When  the  rod 
vibrates,  this  pin  makes  small  excursions  to  and  fro. 
Provide  a  number  of  strings  with  bullets  at  the  bottom 
and  a  loop  formed  in  the  string  at  the  other  end,  by 
which  to  hang  these  simple  pendulums  on  the  pin  of 
the  master  pendulum.  Let  these  strings  be  of  such 
length  that  one  of  the  pendulums  is  equal  in  length  to 
the  master,  one  is  one-third  the  length,  one  is  a  quarter, 
and  one  is  an  odd  length,  no  exacG  fraction.  If  then 
the  master  pendulum  is  set  in  vibration  and  any  of  the 
simple  pendulums  be  successively  hung  on  the  pin, 
these  last  will  be  set  in  sympathetic  vibration  if  its 

natural    time    period    T,   expressed    by    T ^=%tt\/ - 

where  I  is  the  length  of  the  string  and  g  is  the  accelera- 
tion of  gravity,  is  equal  to  that  of  the  master  pendulum 
to  some  exact  submultiple  of  it.  Otherwise  the  simple 
pendulum  will  not  be  set  in  motion  by  the  other. 
The  time  period  for  small  swings  of  the  master  pendulum  is  given 
by  the  expression — 


Fia.     18.  - 
Rowland's 
Syntonio 
Pendulums. 


T=^v^l 


(44) 


where  I  is  the  moment  t)f  inertia  of  the  mass,  and  K  is  the  quotient 
of  the  torque  required  to  produce  a  small  angular  displacement,  0,  by 
the  angle  0,  The  proof  of  the  above  formula  is  simple.  If  we  neglect 
all  sources  of  energy  dissipation  such  as  friction,  we  may  say  that 
the  restoring  torque  KB  is  proportional  to  the  product  of  the  moment 
of  inertia  round  the  axis  of  rotation  and  to  the  angular  acceleration. 
Accordingly — 

The  left-hand  quantity  has  the  minus  sign  because  the  displacement 
is  assumed  to  decrease  with  the  time.  •  Hence  the  equation  of 
motion  is — 


(46) 


*•  See  H.  A.  Rowland,  "  Oolleoted  Physioal  Papers,"  p.  29. 
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A  partioular  solation  of  the  above  eqnation  ii 

tf  =  A8injK (47) 

Since  sm  pt^On  (fit +  2n)^sm  p(t  +^q)*  i*  foUows  that  ^ 

is  equal  to  the  periodio  time  of  the  motion,  becaase  after  the  lapse  of 
a  time  T  the  displacement  repeats  itself.    Hence — 


^=^.-y=^ 


(48) 


By  differentiating  (47)  and  snbstitating  it  in  the  original  equation 
(46),  we  find  that  p  =\/  j-    Hence  we  have — 

If,  then,  exceedingly  small  impulses  act  on  the  svstem,  at  intervals 
exactly  equal  to  its  froe  periodic  time,  each  one  of  these  impulses  acts 


Fia.  14.— A  Pair  of  Coupled  PendulnmB. 

to  increase  the  effect  of  the  last,  and  very  large  oscillations  may  be 
accumulated  by  extremely  small  individual  impulses. 

This  fact  can  be  illustrated  by  a  number  of  simple  instances. 
Stretch  a  string  somewhat  loosely  between  two  fixed  supports,  and 
attach  to  it  two  simple  pendulums.  Set  one  of  these  in  vibration  in 
a  plane  perpendicular  to  the  vertical  plane  which  contains  the 
stretched  string.  It  will  communicate  small  impulses  to  the  loose 
support  and  through  it  to  the  other  pendulum,  which  will  thereby  be 
set  in  motion  (see  Fig.  14).  Since,  however,  action  and  reaction  are 
equal  and  opposite,  the  first  pendulum  is  brought  gradually  to  rest  as 
it  communicates  its  motion  to  the  second.  Then  the  second  conveys 
back  the  energy  to  the  first,  and  so  the  pendulums  continue  to  set 
each  other  in  motion  and  transfer  the  energy  of  motion  from  one  to 
the  other. 

The  general  dynamical  principle  that  any  system  capable  of  being 

u 
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set  in  vibration  can  have  large  oscillations  created  in  it  by  infinitely 
small  impulses  coming  at  intervals  equal  to  its  own  free  period  of 
vibration  has  extensive  application. 

It  is  not  only  applicable  to  cases  of  mechanical  motion,  but  to 
electrical  systems  of  conductors  possessing  capacity  and  inductance 
disturbed  by  electromotive  force.  If  there  be  any  case  in  which  a 
system  has  potential  energy  when  disturbed,  and  is  subject  to  such 
constraints  that  its  potential  energy  is  increased  by  a  displacement, 
it  will,  if  left  to  itself,  tend  to  go  biEick  to  the  condition  of  minimum 
potential  energy,  and  in  so  doing  will  overshoot  the  mark.  The 
acquired  kinetic  energy  is  then  returned  to  the  potential  form,  and  a 
vibrational  condition  is  set  up  in  which  energy  is  continually  trans- 
formed from  potential  to  kinetic  and  vice  versa  at  each  transformation, 
some  of  the  lonetic  being  dissipated  as  heat. 

We  have  already  seen  that  an  inductance,  L,  in  series  with  a 
capacity,  G,  constitutes  an  electrical  system  having  one  degree  of 
freedom.  An  electromotive  force  acting  on  it  causes  an  increase  in 
the  potential  energy,  and  if  the  system  is  then  abandoned  to  itself  it 
will  execute  electrical  oscillations,  the  time  period  T  of  which  is  given 
by  the  formula — 

r  =  27r\/OL (49) 

If,  then,  small  electromotive  forces  act  on  the  system  at  regular 
intervals  they  will  increase  continually  this  potential  energy,  provided 
that  their  time  period  agrees  very  exactly  with  that  of  the  circuit.  A 
very  little  difference,  however,  is  sufficient  to  prevent  the  cumulative 
effect.  , 

In  dealing  with  this  part  of  the  subject  we  shall  see  that  we  meet 
continually  with  the  product  'v/OL,  viz.  the  product  of  the  square 
root  of  the  capacity  of  a  condenser  and  the  inductance  of  a  coil 
placed  in  series  with  it.  It  is  convenient  to  call  this  product  the 
oscillation  constant  of  the  circuit. 

Again,  in  considering  the  separate  parts,  we  find  the  phenomena 

are  determined  by  the  quantities  Lp  or  27mL  and  ^  or  ^r — ^,  where 

\jp      ^TrnLf 

n  is  the  frequency.     The  quantity  hp  is  now  called  the  reactance  of 

the  inductive  circuit,  and  the  author  has  employed  the  term  captance 

to  signify  the  quantity  p-  . 

The  quantity  p  =  27m,  or  the  number  of  oscillations  in  2tt  seconds, 
is  conveniently  called  the  oscillation  number. 

The  reactance  and  captance  are  quantities  of  the  dimensions  of 
resistance,  and  may  be  measured  in  ohms.  Hence,  if  there  be  a 
circuit  consisting  of  a  condenser  and  inductance  in  series,  which  is 
submitted  to  simple  periodic  or  sinoidal  electromotive  force,  the 
current  in  the  circuit  creates  two  electromotive  forces,  one  of  which 
opposes  and  the  other  helps  change  of  current.  If  /  is  the  maximum 
value  of  the  current,  then  Lpl  is  the  maximum  value  of  the  counter- 
electromotive  force  due  to  reactance  or  inductance,  and  7^  is  the 
maximum  value  of  the  adjuvant  electromotive  force  due  to  captance 
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or  capacity.  The  vector  equation  connecting  current  /  and  impressed 
electromotive  force  E  (maximum  values  being  understood)  is — 

E  =  B/+>(lip/-^) (50) 

where  j  stands  for  the  sign  of  perpendicularity,  or  that  the  vector 

f  Lp/  — ^  j  is  at  right  angles  to  that  denoted  by  R/.    Accordingly, 

the  impressed  electromotive  force  must  have  components  which  have 
a  vector  sum  equal  to  that  of  the  several  electromotive  forces  acting 
against  or  with  it.  Hence,  by  the  ordinary  rules  for  obtaining  the 
size  of  vectors  expressed  by  complex  quantities,  we  have  ^ — 

where  (E)  and  (/)  denote  the  mere  numerical  values  of  E  and  J. 
Accordingly,  if  we  keep  E,  n,  and  B  constant,  and  vary  L  and  G,  the 

current  1  will  have  a  maximum  value  when  Li?  =  7,  ,  or  when  the 

^       Cp 

reactance  is  equal  to  the  captance,  or  when — 

LC;?2  =  i (52) 

The  above  is  the  condition  for  resonance  in  a  single  circuit. 

If  we  attempt  to  test  the  above  formula  by  placing  a  condenser  of 
variable  capacity  across  the  terminals  of  an  alternator,  we  are  met 
with  the  oifficulty  that  change  ^in  the  capacity  alters  the  phase 
difference  of  the  current  and  electromotive  force  of  the  alternator, 
and  therefore  affects  its  excitation." 

In  this  case  the  result  found  is  a  mixed  effect.  Nevertheless,  the 
measurement  of  the  current  shows  that  as  the  capacity  or  inductance 
is  varied,  the  current  tends  to  a  maximum  value,  which  it  reaches 
when  the  condition  is  fulfilled.  Under  these  conditions,  the  inductive 
circuit  in  series  with  a  capacity  acts  as  if  it  were  perfectly  non- 
inductive,  and  the  current  has  the  value  it  would  have  if  a  non- 
inductive  resistance  equal  to  the  resistance  of  the  inductive  circuit 
was  substituted  for  the  capacity  and  inductance  employed. 

Hence,  if  we  plot  out  the  current  flowing  in  the  circuit  imder 
constant  sinoidal  electromotive  force,  or  the  electromotive  force 
corresponding  to  constant  current,  when  the  capacity  or  inductance 
is  vaned,  we  have  a  curve  such  as  that  shown  in  Fig.  15,  which 
rises  sharply  to  a  maximum  value,  which  it  reaches  when  the 
inductance,  capacity,  and  frequency  are  so  related  that  LC^  =  1. 
When  we  are  employing  high  frequency  electromotive  forces,  very 
striking  effects  can  be  produced  with  quite  small  inductances  and 
capacities  placed  in  series  with  each  other,  and  the  circuits  so  formed 

^  For  a  short  expIaiiAtion  of  the  method  of  dealing  with  alternating  current 
problems  by  means  of  these  complex  or  vector  expressions,  the  reader  is  referred 
to  the  next  section  of  this  chapter. 

'■  See  y.  A.  Fleming,  "  The  Alternate  Current  Transformer,'*  vol.  ii.  p.  394, 
where  some  of  these  mixed  resonance  effects  in  the  case  of  alternators  and  trans- 
formers working  on  cables  having  capacity  are  cUscussed. 
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are  remarkably  responsive  to  exceedingly  small  periodic  eleotromotdve 
forces  whioh  agree  in  period  with  the  naturaf  time  period  of  the 
oircnit  so  formed. 

To  obtain  these  cumulative  or  reBonaooe  effeote,  it  is  neooBsary, 
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Fia.  IS.— Variation  of  TerminiJ  Voltag«  with  Capacity  in  the  Case  of  a  Giroult 
haviDg  Capacity  and  Inductance  when  acted  upon  by  »  Periodio  Electro, 
motive  Force. 

however,  to  employ  circuits  with  small  damping,  or  which  are  per- 
sistent oscUlators.     We  can  illustrate  the  chief  facts  as  follows : — 
Let  two  oircmts,  P  and  S  (see  Fig.  16),  be  formed,  each  of  8  or  10 


FiQ.  16. — Prodactiou  of  Electric  OsclUationB  in  a  Secondary  Oircnit  asusted  by 
BeBonance.     I,  induction  coil;   L,  L,   Leyden  jars;    P,   primary  circuit: 

S,  secondary  oircnit;  Q,  incandeGoent  lamp. 

turns  of  insulated  wire  wound  round  square  frames,  the  side  of  each 
frame  being  1  metre  in  length.  Let  one  circuit,  P,  have  a  Ijeyden  jar 
or  jars  and  spark  gap  associated  with  it,  so  as  to  form  an  oscillatory 
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cironit.  Let  the  other  circuit,  S,  be  placed  at  some  little  diBtauce, 
and  its  ends  joJDed  by  a  small  incandeaoent  lamp.  Then  if  osciUations 
be  produced  in  the  first  circuit  F  by  discharges  of  an  induction  coil, 
I,  and  if  the  second  circuit  be  placed  parallel  to  it  and  at  no  great 
distance,  oscillations  will  be  induced  in  this  second  circuit,  and  these, 
if  the  oirooits  are  near  enough,  will  cause  the  amall  glow  lamp  to  be 
illuminated. 

In  this  case  we  have  what  are  called  forced  oscillatioDS  produced 
in  the  secondary  circuit.  If,  however,  we  cut  the  secondary  circuit 
S  and  introduce  a  condenser  formed  of  a  Leyden  jar  or  jars,  we  can 
arrange  such  a  capacity  that  the  secondary  circuit  has  the  same 
oscillation  constant  as  the  primary.  That  ia,  for  each  circuit,  P  and  S, . 
the  quantity  y/Cli,  where  G  is  the  capacity  and  L  the  inductance, 
has  the  same  value. 

When  this  is  done  we  find 
that  the  inductive  effect  of 
the  primary  circuit  on  the 
secondary  circuit  is  greatly 
increased,  and  that  we  can 
put  the  secondary  circuit 
much  further  off  and  yet 
light  up  the  incandescent 
lamp  in  it  to  the  same  bril- 
liancy. This  increased  effect 
is  due  to  resonance.  By 
making  the  oscillation  con- 
stant of  the  primary  and 
secondary  circuits  the  same, 
we  have  "  tuned  "  as  it  is 
called,  the  two  circuits  to 
each  other,  and  the  inductive 
effects  are  vastly  enhanced. 
We  can  in  a  similar  manner 
exhibit  the  effects  of  reson- 
ance in  connection  vrith  open 
circuits.      Let    a    spiral    of 

bare  copper  wire,  ML  (see  ^  „  „  ,. 

Fig.  17):  W  wound  in  tiims  ^''-  ".-Ee^once  Hel.x. 

not     touching    each    other 

round  an  ebonite  or  wooden  frame  or  cylinder.  An  oscillatory 
circuit  is  then  formed  of  a  part,  L,  of  this  helix,  and  a  condenser,  C, 
and  spark  gap,  S,  excited  by  an  induction  coil,  I,  as  usual.  The  point 
of  contact  a  with  the  section  of  the  spiral  circuit  which  lies  towards 
the  middle  of  the  helix  must  he  capable  of  being  shifted.  The  helix 
is  then  divided  into  two  unequal  parts,  one  part  L,  is  being  employed 
as  the  inductance  in  an  oscillatory  circuit,  and  the  other,  M,  is  a  free 
or  open  circuit  in  contact  with  this  oscillatory  circuit.  If  we  set  up 
OBciUations,  and  shift  the  point  of  contact  a  so  as  to  len^hen  or 
shorten  the  free  part  of  the  helix,  we  shall  find  such  a  position  that 
a  powerful  eleotno  brush,  S,  starts  from  the  free  end  of  the  helix, 
showing  that  strong  electric  oscillations  are  being  set  up  in  it.  This 
arrangement  is  much  used  for  creating  high  frequency  electric  brush 
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diBoharges  as  'used  in  medical  work.     It  is  then  known  aa  an  Oudin 
Besonator  (see  Fig.  Ig). 

The  above-deBcribed  pheDomena  are  called  resonance  efieota,  and 
two  electric  cintuitB  so  ooupled  together  that  osoiUatioDS  in  one  act 
by  induction  to  create  OBcillations  in  the  other,  constitute  an  oscillation 
transformer.  We  have,  however,  in  this  preliminary  description,  for 
the  sake  of  simpUoity,  avoided 
reference  to  the  reaction 
which  one  circuit  esorcisoB 
on  the  other.  We  cannot 
define  more  precifiely  what 
we  mean  by  saying  that  two 
circuits  are  in  resonance  with 
each  other,  or  tuned  together 
or  syntonized,  until  we  have 
examined  a  httle  more  in 
detail  what  really  takes  place 
in  such  oases. 

The  lawB  governing  the 
action  of  oscillation  trans- 
formers when  very  high  fro- 
quenoy  currents  are  employed 
differ  greatly  from  those 
which  hold  good  in  the  case 
of  low  frequency  altemating 
current  transformers.  For 
example,  if  we  desire  to  make 
a  step-op  transformer  for 
raising  potential  when  em- 
ploying low  frequency  alter- 
natmg  currents,  we  should 
construct  one  in  which  the 
two  coils  had  a  very  different 
number  of  turns,  and  a  low 
electromotive  force  applied  to 
the  terminals  of  the  coil  of 
the  smaller  number  of  terms 
would  be  raised  in  value,  so 
that  the  terminal  potential 
difference  of  the  two  coils 
would  be  almost  in  the  ratio 
of  the  number  of  their  turns. 
Fm.lS.— OadlnBMonalorfoTocaatiDgHigh  1°  the  case  of  high  frequency 
Frequeucj  Eleotrio  Btoah  DiBohugeB.  oscillations,  the  ratio  of  trans- 

formation of  potential  is  not 
in  the  proportion  of  the  number  of  turns  of  the  two  circuits. 

Before,  however,  we  can  discuss  the  theory  of  oscillation 
transformers,  it  is  necessary  to  explain  briefly  the  simplest  analytical 
method  of  dealing  with  proMemB  in  altemating  currents. 

10.  The  Representation  of  Alternating  CnrrentB  by  Complex 
Quantities. — The  study  of  altemating  current  phenomena,  and  there- 
fore also  of  electric  oscillations,  is  assisted  by  the  adoption  of  simple 
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mathematdoal  methods  for  representing  the  quantities  with  which  we 
are  concerned.  The  usual  method  of  procedure  is  to  express  the 
instantaneous  value  of  a  periodic  current  or  electromotive  force  as  a 
function  of  the  maximum  value  during  the  phase,  and  of  the  time 
expressed  as  a  fraction  of  the  complete  periodic  time.  In  actual 
practice  we  are  chiefly  concerned,  however,  with  the  maximum  value, 
or  with  the  root-mean-square  value  (B.M.S.  value)  of  the  periodic 
quantity  during  the  period,  and  we  can  simplify  the  analyticsu  treat- 
ment if  we  can  avoid  introducing  the  symbol  for  time. 

The  B.M.S.  value  of  a  periodic  current  or  electromotive  force  is 
defined  as  follows : — 

Let  i  be  the  value,  say,  of  the  current  at  any  time,  t^  reckoned  from 
the  beginning  of  the  period,  and  let  T  be  the  periodic  time,  then  the 
E.M.8.  value,  J,  is  given  by  the  expression — 


v^/, 


T 
0 


Hence,  if  the  quantity  %  varies  in  a  simple  harmonic  manner,  so 
that— 

•  =  /  sin  pt, 
where  /  is  the  maximum  value,  then — 

We  can  always,  therefore,  determine  J  from  /  when  the  equation  to 
the  curve  is  given. 

All  we  need,  therefore,  in  discussing  problems  connected  with 
simple  periodic  currents  is  to  represent  in  some  manner  the  phase  or 
direction  and  maximum  magnitude  of  the  current  or  electromotive 
force. 

This  is  most  conveniently  done  by  means  of  complex  qmntUies. 

If  a  denotes  any  line  or  vector  of  given  length  drawn  horizontally 
and  to  the  right,  then  with  the  usual  convention  —  a  will  denote  an 
equal  horizontal  line  to  the  left.  We  may  consider,  therefore,  that 
the  vector  -j-  «  is  converted  into  the  —  a  by  turning  it  through  two 
right  angles,  or  by  operating  on  it  by  —  1.  Hence  the  sjrmbol  for 
tcuning  it  through  one  right  angle  must  be  such  that  when  twice 
repeated  on  itself  it  turns  +  1  into  —  1.  This  operation  is  denoted  by 
V-^  1  =y.  Hence  ja  denotes  a  line  drawn  perpendicularly  to  a.  The 
quantity/  is  therefore  an  algebraic  sign  of  perpendiciilariti/.  It  follows 
thaty2  =s  —  1  ory  =  v^—  1,  and  j  has  the  same  analytical  significa- 
tion as  -y/—  1,  viz.  when  applied  as  a  multiplier  or  operator  to  a 
vector  it  turns  it  through  a  right  angle. 

Hence  any  line  may  be  represented  as  the  vector  sum  of  two 
lines,  consisting  of  a  horizontal  of  a  units  in  length  and  a  vertical 
component  of  b  units  in  length.  The  proper  representation  of  it  is, 
therefore,  ±  a  ±  jb.    The  length  or  ske  of  this  line  is  ^/W+h^. 

Quantities  of  the  form  a'\'jb  are  called  complex  quantities,  and 

^/W^^  is  called  the  modulus  of  a  -f.;7>.    The  ratio  -  is  called  the 
slope  of  the  vector. 
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Henoe  lines  or  vectors  may  be  drawn  from  any  point  to  represent 
the  maximum  values  of  simple  periodic  quantities.  The  elements  or 
steps  aot  h  will  represent  the  instantaneous  values  of  these  quantities, 
and  their  moduli  will  represent  their  actual  measured  maximum 

values,  and  if  divided  by  ^2  their  RM.S.  values. 

These  complex  quantities  have  certain  properties,  the  chief  of 
which  may  here  be  briefly  mentioned.  We  shall  take  a  single  capital 
letter  to  represent  a  vector  as  a  vector,  and  the  same  letter  in  brackets 
to  represent  its  size.  

Thus  B  =  a  -^jb  represents  a  vector,  and  (B) = y/W^yB^  represents 
its  ske. 

The  reader  should  note  and  verify  the  following  rules  for  dealing 
with  these  complex  quantities  and  their  moduli  or  size : — 

(i.)  Multiplication  by  j  turns  a  vector  through  a  right  angle  in  a 
counter-clockwise  or  positive  direction  of  rotation. 

If  a-\-jh  is  any  vector,  then  j{a  -{-jb)  =  —  b  -{-ja  is  a  vector  of 
the  same  size  at  right  angles  to  a+jb, 

(ii.)  Multiphcation  by  —j  turns  a  vector  through  a  right  angle  in 
the  clockwise  direction. 

If  a  -{-jb  is  any  vector,  then  — j{a  +jb)  =  {b  —ja)  is  a  vector  of 
the  same  size  at  right  angles  negatively. 

(iii.)  If  we  denote  the  slope  of  the  vector  by  0,  then  -  =  tan  0,  and 

if  we  denote  the  size  of  the  vector  by  (A),  then  a  =  (A)  cos  0  and 
b  —  (A)  sin  e.    Therefore  A  =  (A)  (cos  d+j  sin  0). 

The  quantity  (cos  0  +j  sin  6)  is  called  a  rotator,  for  if  applied  to 
any  vector  it  rotates  it  through  an  angle  0  without  changing  its  size. 

Thus  we  can  easily  show,  by  multiplication  and  collection,  that 
the  size  of  the  vector  X,  where  X=(a+j5)(cos  tf+j  sin  B\ 
is  ^/a^  +  ^2. 

It  is  the  same  as  the  size  of  the  vector  a  -f-i^  =  '^* 

The  vector  X,  however,  is  turned  through  an  angle  6  in  the 
positive  direction,  beyond  the  vector  A.  If  we  insert  in  the  operator 
(cos  0  +y  sin  B)  the  exponential  values  of  sine  and  cosine,  viz. — 

3io0=^^^l' (54) 

2; 

and    QO&O^- — -t (55) 

we  have    cos  B  -\-j  sin  0  =  €^^ (56) 

Hence  6^^  and  c  "3^  are  also  rotating  operators,  causing  rotation  of 
vectors  through  an  angle  0  in  the  positive  or  negative  direction  when 

applied  to  them. 

.  .  2ir 

If  in  place  of  0  we  write  pt,  where  /  signifies  time  and  p  =  -=, 

T  being  the  periodic  time,  we  see  that  A  {oo^pt  +j  sin  pf)  =  Ac** 
signifies  a  vector  of  length  (A)  corUinuaJly  rotating  round  one  extremity 
with  an  angular  velocity  p. 
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Additional  importaDt  properties  of  complex  qnantities  are  as 
follows : — 

(].)  If  two  complexes  are  multiplied  together,  the  modulus  or  size 
of  their  product  is  the  product  of  their  separate  moduli  or  sizes.    Thus 

if  a-\'jb  and  c  +jif  are  two  vectors,  their  sizes  are  Vfl*  +  **  8^^ 
y/c^-^-d^.    Also  (fl  -{-jb){c  +jd)  is  another  vector,  and  its  size  is 

This  is  easily  proved  by  multiplication  and  collection  of  terms. 

(ii.)  The  same  rule  may  be  extended  to  quotients,  powers,  and 
roots  of  complex  quantities.  Accordingly,  any  such  compound  com- 
plex quantity  as  y/e  +jf  may  be  written  out  in  the  canonical 

form  A  +yB,  and  its  size  Va^  +  B*  determined. 

We  need  not,  however,  take  the  trouble  to  make  this  calculation, 
because  the  size  of  the  above  vector  can  be  written  down  at  once  by 
the  above  rule,  for  it  is  equal  to— 


-%A.2    _L   .72  V 


Vc^  +  d^ 

Since  a  complex  quantity  represents  a  vector  or  line,  it  is  obvious 
that  if  two  complex  quantities  are  equal,  their  horizontal  and  vertical 
steps  or  real  and  unreal  parts  must  be  respectively  equal.     Thus,  if — 

a  +jb  =  c  +jd 

we  must  have  a  =  c  and  h=^  d, 

A  process  continually  required  is  that  of  separating  a  complex 
quantity  into  its  real  and  unreal  parts.  Thus,  if  we  have  the 
complex  equation — 

we  can  separate  out  the  steps  as  follows :     Multiply  numerator  and 
denominator  by  c  — jd ;  we  then  have — 

.       .j,__aec  —  bfc  +  afd  +  »bd      .acf+  ebc  +  aed  —  b/d 

XT            .      d^c  —  bfe  4-  afd  +  ebd 
Hence    .= ^".^-^  -  - 

and     fr  :^^^/+  ^^^  +  a^d—  b/d 

c^  +  d^ 

The  above  rules  will  afford  the  reader  most  of  the  information 
necessary  to  follow  the  application  of  complex  quantities  to  the 
representation  of  simple  periodic  quantities. 

This  method  consists  in  representing  the  maximum  value  of  a 
simple  harmonic  electromotive  force  or  current  by  a  vector  denoted 
by  such  a  complex  as  a  +jb.    Then  we  fix  its  position  in  space 

because  the  slope  of  the  vector  is  such  that-=  tan  0,  and  its  length 
or  size  by  ^cfi  +  b^.    An  expression  such  as  A^^  represents  then  a 
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rotating  vector,  and  its  real  part,  viz.  A  cos  pt,  represents  its  instan- 
taneous value  or  projection  on  a  certain  axis,  and  A  represents  the 
magnitude  or  size  of  its  maximum  value. 

In  connection  with  simple  periodic  quantities,  a  theorem  of  great 
utility  is  as  follows :  If  A  sin  pt  represents  any  simple  harmonic 
quantity,  and  B  cos  pt  represents  another  of  difEerent  amplitude  but 
the  same  frequency,  then  A  sin  ^^  +  B  cos  pt  also  represents  a  simple 

periodic  quantity  of  amplitude  v  A2  +  B2,  but  differing  in  phase  from 

the  first,  viz.  A  sin  pt,  by  an  angle  <f>,  such  that  tan  <f>=  «  •      Hence, 

Asmpt  +  B  QOQpt:=  V  A2  +  B2  sin  {pt  +  0). 

To  prove  the  theorem,  divide  both  sides  by  \/  A2  +  B2,  then  since 

identity  is  evident. 

11.  Theory  of  Cioopled  Osoillatioii  Cirouits  haYing  Capacity 
and  Induotanoe  in  Mries. — Let  us  consider  two  circuits,  each 

having  inductance,  L,  capacity, 


c. 


c. 


G,  and  resistance,  B,  and  specify 
these  quantities  for  the  two  cir- 
cuits respectively  by  the  suffixes 
1  and  2.  We  shall  follow  first 
the  lines  of  investigation  in  an 
interesting  paper  by  A.  Ober- 
beck.20  Let  these  circuits  be 
placed  in  inductive  connection 
with  each  other  by  making  the 
inductance  in  each  circuit  one  of 
the  coils  of  an  oscillation  trans- 
former (see  Fig.  19).  Let  these 
two  circuits  have  a  mutual  in- 
ductance, M. 
Let  oscillations  be  set  up  in  one  circuit.    It  is  required  to  find  the 

resulting  currents  in  the  two  circuits  and  potential  differences  of  the 

condenser  plates,  due  to  the  mutual  reaction  of  the  circuits. 

Let  %i  and  i^  be  the  currents  at  any  instant,  and  Vi  and  ^2  the 

potential  differences  of  the  condenser  plates.     Then  we  have  the 

fundamental  equations — 


Fio.  19.— Two  Oonpled  Osoillation 
OircoitB. 


(it 


+  M^HRih-^^ 


0 


^^t+^f+^^-'«=° 


(67) 
(58) 


If  we  differentiate  each  equation  with  respect  to  time,  and  remember 
that — 


n  =  -o 


liVi 


(59) 


**  See  A.  Oberbeok,  *'  Ueber  den  Yerlanf  der  Electrisohen  Sohwingungen  bei 
den  Tesla'schen  Versuchen,"  Wied,  Ann.  der  Pkysik,  1896,  vol.  55,  p.  628.  See 
also  G.  W.  Pierce,  "  On  Experiments  on  Resonance  in  Wireless  Telegraph 
Circuits,"  Physical  Review,  vol.  24,  February,  1902,  p.  152. 
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we  arrive  at  the  equations — 

CiL,^+CiRi§+OiM^+,i  =  0  .    .     .    (60) 

C,L3^+OA^+0,M^His  =  0  .    .    .    (61) 

By  differentiatiiig  the  last  equations  twice,  and  eliminating  between 
the  results  and  the  originals,  we  can  separate  the  variables  and  obtain 
the  equation — 

Ci08(LiL,  -  M8)^  +  Ci08(EiLj  +  R^I^i)'^ 

+(0jLj+0iLi+0i08BiR2)^^  +(CaBi+0jR2)*^+n=  0    (62) 

and  a  similar  one  in  i^. 

In  nearly  all  oases  with  which  we  are  concerned  in  radiotelegraphy, 
the  resistance  of  the  oscillatory  circuits  is  small  compared  with  their 
reactance,  and  hence  we  shall  not  commit  sensible  error  by  neglect- 
ing the  terms  involving  B^  ^^^  ^  ^  ^^^  above  equations. 

If  also  we  write  k  for  ^  -j    where  k  is  called  the  coefficient  of  coup- 

ling^  and  assume  that  the  currents  vary  in  a  simple  harmonic  manner, 
we  may  assume  that  both  u  and  »2  &re  quantities  which  vary  as  the 

real  part  of  ^^^  wherey=  V -—  1. 

Making  these  substitutions,  the  equation  (62)  reduces  to— 

CiLiCjjLja  -  *2)?;*  -  (CiLj  +  CaLg)^^  +  1  =  0    .    (68) 

Now  the  natural  time  period  T^  of  one  circuit  taken  alone  is  such 
that  Tj* = 4ir2CiLi,  and  that  of  the  other,  Tg,  is  given  by  Tg^  =  ^n^GJij^, 
and  the  quantity  p  in  equation  (63)  denotes  27r  divided  by  the  fre- 
quency or  frequencies  of  the  circuits  when  coupled  together.     If  we 

write  j^  for  p^  in  the  equation  (62),  and  substitute  for  Gj^Li  and  G2L2 

their  equivalents  as  above,  we  obtain  the  following  biquadratic  in  T, 
viz, — 

T4  — (  T^t  +  T22)T2  +  Ti2T22(l  —  A?2)  =  0  .    .     .     (64) 
The  solution  of  which  is — 

T2  ^  T,2  +  Tg2  ±  V(Ti2  -  T^g)^  +  4^2Ti2T72  (g^j 

Hence  it  is  clear  there  are  two  values  of  T  corresponding  to  the 
two  roots  of  the  equation,  and  this  signifies  that  when  the  oscillatory 
circuits  are  coupled  together  so  as  to  act  inductively  on  each  other, 
then  oscillations  are  set  up  in  each  circuit  of  two  periods  differing 
from  each  other,  and  from  the  natural  free  periods  T^  and  T2  of  each 


300  DAMPINO  AKB  BE8ONAN0E 

circuifc  taken  separately.    Let  tis  call  the  time  periods  of  these  two 
OBoillations  T"  and  T",  then  we  have — 


i2  +  Tgg  +  V(Ti2  -  Tgg)^  +  4Ar2TigTg2  gg 


T"  =a/^i'  +  '"^g'  ~  V(T?"^  TgZ)^  +"4A;i!  V^g 


(67) 


Several  cases  of  interest  then  present  themselves. 

I.  Let  T^  =  T2,  that  is,  let  two  circuits  be  supposed  to  have  the 
same  periodic  time  when  separated  far  apart  from  each  other.  This  is 
the  case  of  isochronism,  or,  as  it  is  usually  called,  of  resonance.  If, then, 
in  (66)  and  (67)  we  put  Tj  =  Tg  =  T,  we  have— 

T'  =  Ty/r+k (68) 

T"  =  TVr^^ (69) 

or  if  we  consider  frequencies  n'  and  n"  and  n  instead  of  time  periods, 
we  have — 


from  which  we  have— 


""  =  v^i^*  • •   ^^^) 


W"2  —  ^'2 


II.  If  the  circuits  are  in  resonance,  that  is,  if  T^  =  Tg  =  T,  and  if 
the  coefficient  Tc  is  zero  or  extremely  small,  then  we  have  T'  =  T'/  =  T. 
In  other  words,  there  are  oscillations  of  only  one  frequency  set  up  in 
each  circuit.  This  is  the  case  if  the  circuits  are  far  apart  or  feehly 
coupled,  . 

III.  If  the  circuits  are  in  resonance,  but  closely  coupled  or  near 

together,  so  that  the  coefficient  A:  =  1,  we  have  T'  ==  \/Ti2~+  Tj^  and 
T''  =  0.     Hence,  in  this  case  also  there  are  oscillations  of  only  one 
periodicity,  which  is  the  square  root  of  the  sum  of  the  squares  of  the' 
periodic  times  of  the  two  circuits  when  far  apart. 

We  have  in  the  next  place  to  consider  the  transfonnation  ratio  of 
an  oscillation  transformer  conpecting  two  circuits  having  inductance 
and  capacity.  We  shall  assume  that  the  resistances  of  the  circuits, 
and  therefore  the  damping,  to  be  negligible,  and  we  can  then  write  the 
equations  ($7)  and  (58)  when  the  values  of  t^  and  »£  given  in  (5&)  are 
substituted,  in  the  form — 

CiL,^+C,M^«  +  *'a  =  0    ....     (73) 

O.L,^''  +  CiM^i  +  t.,  =  0 (74) 

By  differentiating  the  above  equations  twice  with  regard  to  t  and 
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eliminating  between  the  resulting  and  original  equations,  we  arrive 
at  two  other  equations,  viz. — 

OiOj(LiLj  -  m)  ^^  +  (CiLi  +  OjLj)  ^  +  vi  =  0  (76) 

and  a  similar  equation  in  Vz* 

These  equations  have  particular  solutions  of  the  form — 

t'x  =  Aj  cos  Pit  +  Bj  cos  j[?2^ (76) 

V2  =  A2  cos  Pit  ^B^  00s  p^ (77) 

This  may  be  proved  by  differentiating  (76)  and  (77)  and  substitut- 
ing in  the  original  equations  (73),  (74),  and  (75)  which  they  will  be 
found  to  satisfy. 

Since  Vi  is  a  simple  periodic  quantity  it  may  be  represented  by 

the  real  part  of  6^  ==  cos  pt+j  sin  pt,  and  then  we  have — 

_i=^^    and     -^  =  -p^Vi, 

Hence,  substituting  these  values  in  (75),  we  obtain  a  biquadratic 
in  p,  viz, — 

If  the  roots  of  this  are  p^  and  p^,  we  have  then — . 

P^^''  =  oI6,(L,^^M^)    •••:••  (80) 

and  hence  p,^ -p,^  =^(9l^-'i^^^^9i^^    .-.    (81) 

From  (76)  and  (77)  find  the  values  of  -r-^  and  -^  and  substitute 
^  dt^  dt^  * 

in  the  original  equations  (73)  and  (74),  and  we  find  that — 

Aj      l-Pi^LA.  .Q2V 

Bi         jPg^MCg  

BjTT^T^L^ 

Let  Vj  be  the  maximum  potential  difference  of  the  plates  of  the 
primary  condenser,  viz.  the  discharge  potential  Hence,  when 
^  =  0,  i^i  =  Vi  and  V2  =0.  Let  Vj  be  the  maximum  potential  differ- 
ence of  the  plates  of  the  secondary  condenser.  Then  we  have  at  the 
instant  t  =  0 — 

Ai4-Bi  =  Vi (83) 

Aj  +  Bg  =  0 (84) 
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A  B 

For  shortness,  put  -^  =  a^  and  ^  =  a^*    Then  it  is  obvious  that- 


A,=:^if?-     B,=-  "^'"^ 


a^  —  di  ^  -~  ^1 

^        ^2  —  «i  *  «2  ~  ^1 

The  solutions  of  (73)  and  (74)  are  then— 


(85) 


Y 

Vi  = —  (fl2  COS  Pit  —  «!  COS  /?20      •      •      •      {S6) 

^2  3=     ^^^^  (cos  /ij^  —  COS  j[?20     .....     (87) 

^2  —  ^1 

and    V.  =  Vi-^^i^ (88) 

«2  — «i 

In  this  last  expression  insert  the  proper  values  of  a^  and  a^  from 
(82),  and  we  have — 

Accordingly,  when  the  circuits  are  syntonized,  that  is,  when 
C^Li  =  02L2»  we  have — 

Hence  the  transformation  ratio  in  this  case  depends  only  on  the 
relative  capacity  of  the  condensers  in  the  primary  *and  secondary 
circuits. 

We  have  then  for  the  potential  difference  v^  of  the  terminals  of  the 
secondary  condenser  at  any  instant  the  expression — 

»2  =  Vi    -/-=i  (cos  Pit  —  cos  p^)  ....    (90)  . 

and  for  the  secondary  current  1*2  the  equation — 

»2  =  ViVOiC^OPg  sin  p^  —  J»i  sin  pit) 

From  (79)  and  (81)  it  can  be  shown  that  when  the  circuits  are 

1  27r 

syntonized  so  that  CiL^  =  C^L^  =  CL  = — ,  where  —  is  the  natural 

time  period  of  each  circuit,  we  have — 

M 
where    k  =  -7—^^^ 
VLiL2 

Accordingly,  the  secondary  current  12  ^s  ^^^n  the  sum  of  two  currents 
of  different  frequency  and  amplitude,  for — 

^  =  V,VCA;^sin^^^-V,VCA^;^sin:^j-^< 
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The  oscillation  of  greatest  frequency  has  also  the  greatest  amplitude. 
If  the  circuits  are  not  syntonized,  then — 

V  -_v  aftOiVLiLj 

And  if  A;  =  1  or  M  =  -v/Lit^i  tbe  above  becomes — 

The  second  factor  on  the  right-hand  side  is  generally  not  far  from 
unity  in  value,  and  then  if  N^  and  N2  are  the  numbers  of  turns  on  the 
primary  and  secondary  circuits  of  the  oscillation  transformer,  we  have 
approximately — 

Yi=^i (94) 

We  see,  therefore,  that  in  the  case  of  the  oscillation  transformer, 
with  its  two  circuits  loosely  coupled  and  tuned  in  resonance,  the 
damping  being  negligible,  the  ratio  of  transformation  is  determined 
solely  by  the  capacities  in  the  two  circuits ;  whereas  when  the  circuits 
are  not  tuned,  out  closely  coupled,  the  ratio  is  determined  by  the 
relative  number  of  turns  on  the  two  circuits. 

The  discussion  of  the  more  general  case  in  which  the  damping  of 
the  two  circuits  is  not  negligible  leads  to  greater  analytical  difficulties, 
and  is  dealt  with  in  the  subsequent  sections. 

Accordingly,  the  design  of  an  oscillation  transformer  to  transform 
high  frequency  currents  is  based  on  very  different  facts  to  the  design 
of  low  frequency  transformers.  In  the  latter  case  the  transformer 
changes  terminal  voltage  almost  in  the  ratio  of  the  numbers  of  turns 
on  the  two  circuits.  In  the  former  case,  if  the  circuits  are  of  equal 
time  period  separately,  the  change  ratio  depends  solely  on  the  capacities 
in  the  two  circuits. 

By  making  the  primary  capacity  sufficiently  large  compared  with 
the  B^ndary  capacity,  we  can  increase  in  the  same  proportion  the 
terminal  voltages  of  the  two  condensers.  In  this  case  there  are  two 
periods  of  oscillation  in  the  coupled  circuit,  the  mean  of  the  squares  of 
the  two  periodic  times  being  equal  to  the  square  of  the  common  time 
period.  The  two  may,  however,  become  equal  when  the  coupling  is 
sufficientiy  loose. 

The  other  case  of  a  pair  of  closely  coupled  circuits,  with  different 
time  periods,  presents  us  with  an  instence  of  forced  oscillations.  The 
single  resultant  forced  time  period  has  a  square  equal  to  the  sum  of 
the  squares  of  the  time  periods  of  the  two  circuits  separately. 

Following  the  investigation  of  Oberbeck  (loc,  cit,),  we  may  give  a 
numerical  example  which  will  illustrate  the  foregoing. 

Let  there  be  two  coupled  circuits  having  capacity,  inductance,  and 
mutual  inductance. 

Let  Li  =  1000  cms.,  L2  =  25,000  cms.,  M  =  3000  cms. ;  also  let 
Ci  =  0001  mfd.  =  10-w  electromagnetic  units, and  let  Cg  =  000004 
mfd.  =  0*04  X  10-18  electromagnetic  units. 

Then    L;Ci  =  LjCj  =  10"^^ 
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Therefore    ^1  =  ^2  =  27iVLiOi  =  T 

4ir210 


or    72  = 


10i« 


Also    tf2  =  4w2MVCiC2.=  ^ 

4 
Accordingly    T'  =  27r  rTrr  and  T"  =  27r 


108         -         '"  108 

108  108 

Hence  the  two  frequencies  w^  and  n^,  are  ^i=oKrrqQ  *J^d  n2=..Q,g^^, 

108 
whilst  the  common  frequency  =  no  =  r^;Qj2»  *^^  ^^^  being  the 

frequency  which  would  exist  in  each  circuit  if  they  were  separate  and 
far  apart. 

It  is  important  that  the  reader  should  fully  understand  the  reason 
for  the  appearance  of  these  two  oscillations  of  different  frequencies 
in  syntonic  coupled  isochronous  circuits.  An  assistance  may  be 
obtained  by  referring  again  to  the  experiment  with  the  two  equal 
pendulums  hung  on  a  loose  string,  to  which  reference  was  made  in 
§  9  of  this  chapter.    (See  Fig.  14.) 

Consider,  then,  the  case  of  these  two  equal  pendulums.  Each 
has  the  same  time  period  when  vibrating  alone.  If,  however,  they 
are  hung  side  by  side  on  a  loose  string,  we  have  seen  that  when  one 
pendulum  is  set  in  motion  it  imparts  its  motion  to  the  other  little  by 
little,  and  in  so  doing  brings  itself  to  rest.  Then  the  second  pendulum 
in  turn  gives  back  its  motion  to  the  first,  and  so  on.  It  is  clear  that 
the  energy  is  transferred  from  one  to  the  other,  or  backwards  and 
forwards  between  the  two  pendulums. 

Let  us  suppose  that  a  band  of  paper  moves  underneath  the  pen- 
dulums in  a  (urection  at  right  angles  to  the  plane  in  which  each  is 
vibrating,  and  let  each  of  these  pendulums  trace  on  the  paper  a  wavy 
curve  representing  its  alternately  increasing  and  diminishing  vibra- 
tions. We  should  have  upon  the  paper  two  curves  traced  represented 
by  the  ciurves  in  Fig.  19a.  Each  curve  would  be  a  curve  having  a 
twofold  periodicity,  viz.  a  certain  frequency  of  oscillation  and  a  much 
smaller  frequency  of  variation  in  maximum  amplitude.  Also  the 
instant  of  maximum  amplitude  in  one  curve  would  coincide  with  the 
instant  of  zero  maximiun  in  the  other.  It  is  clear  that  the  ordinate 
of  such  a  curve  can  be  represented  by  the  expression 

y  =  A  cos  qt  sin  pt 

for  this  represents  a  simple  harmonic  motion  having  a  frequency 
n  =^p/27r,  out  having  a  maximum  amplitude  A  cos  ^  varying  with  a 
frequency  N  =  q/2ir.  But  now  the  expression  A  cos  qt  sin  pt  is 
equal  to 

JA  sin  (;?  -f  2^)^  +  iA  sin  (p  —  q)t 

Hence  each  periodically  varying  curve  as  shown  in  Fig.  19a  can  be 
resolved  into  the  sum  of  two  undamped  simple  harmonic  curves,  one 
having  a  frequency  greater  than  n,  and  the  other  having  a  frequency 
less  than  n.    The  frequency  of  the  variation  of  the  maximum  ordinate 
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is  ~.    A  similar  phenomenon  is  met  with  in  acoustics.     If  two  organ 

Air 

pipes  slightly  out  of  tune  with  each  other  are  sounded  together  the 
resultant  sound  waxes  and  wanes  in  a  manner  which  produces  an 
effect  called  the  hmts  of  the  sound.  It  is  obvious  that  the  graphical 
representation  of  the  loudness  of  the  resultant  sound  would  be  a 
curve  as  in  Fig.  19a,  and  this  resolves  itself  into  the  sum  of  two 
simple  harmonic  vibrations  of  different  frequencies.  The  same  thing' 
happens  in  the  case  of  two  coupled  oscillatory  circuits.  The  oscilla- 
tions in  one  circuit  create  by  induction  oscillations  in  the  other. 
Also  these  latter  induce  back-oscillations  in  the  primary.  Therefore 
the  current  amplitude  in  each  circuit  undergoes  a  periodic  variation 


'W■^#v  >AWf  ^A/yi/v  4 


Fvrst  Pendulum, 

^#l^  ■#/iA -A/W^A  #/^ 

Second  Pendulum, 
Fig.  19a. — OsoiUations  of  a  Pair  of  Coupled  Pendulums. 

of  maximum  value,  and  can  therefore  be  resolved  into  the  sum  of 
two  oscillations  of  different  frequency. 

This  has  been  well  shown  by  experiments  made  by  Dr.  E. 
Taylor-Jones  in  investigations  made  specially  for  the  purpose  of 
recording  the  oscillations  in  a  coupled  circuit  photographically."*  He 
employed  an  electrostatic  oscillograph  of  his  own  design  as  a  means 
of  delineating  the  oscillations.^^ 

He  used  two  circuits  with  the  following  constants.  The  secondary 
circuit  was  the  secondary  coil  of  an  induction  coil,  having  an  induct- 
ance of  70*15  X  10^  cms.  or  70*15  henrys,  and  its  resistance  was 
14,022  ohms.  Pl^he  primary  circuit  consisted  of  1200  turns  of  No.  14 
copper  wire  wound  on  a  glass  tube.  Its  resistance  was  1*0378  ohms, 
and  inductance  4,619,000  cms.  or  4*619  millihenrys.  The  coefficient 
of  coupling  of  these  circuits  was  such  that  k  =  0*1483  or  A;  =  0*385. 
Hence  the  circuits  were  somewhat  closely  coupled.  The  capacity 
in  the  primary  circuit  was  of  the  order  of  10  mfds.,  and  that  in  the 
secondary  about  0*001  mfd. 

The  frequencies  n^  and  n^  were  calculated  from  Oberbeck's 
formula  as  given  in  equation  (65). 

These  frequencies  were  of  the  order  of  500  to  1000  per  second. 
The  resultant  oscillation  or  potential  difference  of  the  secondary 
condenser  was  then  recorded  photographically,  and  is  shown  in  the 
series  of  curves  given  in  Fig.  20.  These  show  very  admirably  the 
existence  of  the  ''beats"  in  the  damped  oscillation  due  to  the  co- 
existence of  oscillations  of  two  frequencies  in  the  resultant  oscillation. 

*•  See  E.  Taylor-Jones,  *<  Electrioal  Oscillations  in  Coupled  Girouits,*'  PhiL 
Mag.,  January,  1909. 

>^  "  A  Short-Period  Electrometer,'*  Phil.  Mag,,  August,  1907. 
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The  same  wae  proved  to  be  the  case  when  persisteDt  oscillations 
were  employed  produced  by  a  Duddell  musical  arc  instead  of  the 

damped  aBoillations  due  to  a.  condenser  discharge. 


=  9-56  mfda.  0,  =  0-000878  mfd. 

=  4-63  milUhemTi.  L,  —  7010  banrys. 

fe  =  0>3Be. 


C,  =  11-87  mfda.  C,  =  0-000876  mtd. 

L„  If,,  and  k,  same  a»  Above. 

Fro.  30.— OBoiUogramB  of  OscillationB  in  Coupled  Clrouits.    (Tajlor-Jooes.) 

A  confirmation  of  the  above  antographio  delineatioit  of  the 
resultant  oscillation  in  a  conpled  circuit  is  given  by  the  experiments 
of  Dr.  Dieselhorst  with  the  oscillograph  vacuum  tube  described  in 
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Chap.  L,  §  6.  Making  use  of  this.  Dr.  DieBelhorst  photographed 
the  damped  oaoUlatioDs  of  a  condenser  discharce,  and  obtained  the 
photograph  shown  in  Fig.  21  (a),  in  which  the  decadent  amplitade  of 


OaollloKrain   of    Damped    OwUlBUonB      OBoUlogTsm  of  Uadomped  OeciUationi 
in  »  Single  or  Unoonpled  Circuit.  in  b.  Single  oc  Unooopled  Circuit, 

(rheeelliorat.)  .  (Diesdlhorst.) 

the  black  shaded  lines  represents  the  gradual  damping  out  of  the 
oscillations.  When,  however,  this  condenser '  ciromt  was  coupled 
electrom&gnetioally  to  a  radiatmg  and  tuned  antenna,  so  that  it 
became  one  member  of  a  pair  of  coupled  oirouita,  the  oscillograph 
photograph  was  as  shown  in  Fig.  22,  in  which  the  black  hnes 
representing  the  oscilla- 
tions are  separated  into 
bunches,  and  theea  inter- 
spaces correspond  to  the 
beats  and  show  that  there 
must  have  been  two  super- 
imposed oscillations.>2 

A  photograph  taken  by 
the  same  means  with  an 
uncoupled  or  single  oscil- 
latory circuit  in  which  per- 
sistent oscillations  exist  is 
shown  in  Fig.  21  (&), 

A  most  complete  ex- 
perimental investigation  of 
this  subject  has  been  made 
by  Professor  Oeorge  W. 
Pierce.**  He  arranged 
two  oonpled  circuits,  each  PiQ.33.-OMiUog™molD«npea  Oscillations  ^ 
having  caftacity  and  \a-  a  Fkir  of  Coupled  Oirouita.  (Hans  Bou.) 
daotance      and      set     up 

in   one  oscillations  by  means  of  a  spark  gap  and  induction   coil. 
The  periodicity  of  the  osciUations  set  up  in  the  two  circuits  was 

»«  See  Electrieai  Engmtering,  April  28,  1908,  p.  636. 

■*  Bee  Piof.  O.  W.  Pierce,  "  E^perimentB  on  Begonance  in  Wireless  Tele- 
graph Circuits,"  Part  V.    The  Phyrical  BtvUw,  vol.  niv.  p.  166,  February,  1907. 
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then  measured   by  making  them  act  inductively  upon  a  tertiary 

circuit  very  loosely  coupled  with  the  primary  or  secondary  circuit. 

This  tertiary  circuit  cotQd  have  its  inductance  and  capacity  varied, 

and    the    condition    in   which  the  current    induced  in   it   had  its 

maximum  value  was  indicated  by  the  deflection  of  a  high  frequency 

dynamometer  or  modified    form  of    Fleming    alternating    current 
galvanometer.34 

By  calibrating  this  third  circuit  so  that,  in  any  condition  of  adjust- 
ment, the  product  of  its  inductance  L  and  capacity  G  is  known,  we 

know  its  natural  frequency  n,  because  n  = -i= . 

SttvCL 

This  circuit  therefore  becomes  a  means  of  measuring  the  frequency 
of  the  oscillations  set  up  in  the  primary  oc  secondary  circuit  by  tuning 
the  tertiary  circuit  first  to  one  frequency  and  then  to  the  other,  and 
judging  of  this  agreement  by  the  fact  that  the  tertiary  current  reaches 
a  maximum  or  sub-maximum  corresponding  to  that  setting  or  to 
resonance  between  it  and  the  other  circuit  for  that  frequency. 

It  will  be  shown  in  a  later  chapter  that  when  oscillations  are  set 
up  in  a  circuit  some  of  the  energy  is  radiated  in  the  form  of  electro- 
magnetic waves,  and  the  wave-length  A  of  these  waves  is  numerically 
equal  to  the  product  of  their  time  period  T  and  the  wave  velocity  u 
all  measured  in  consistent  units. 

Hence  in  the  expressions  already  given  (66)  and  (67)  for  the  time 
periods  T^  and  T2  of  the  two  oscillations  in  coupled  circuits,  we  may 
substitute  A^  and  A2  for  the  two  wave-lengths,  and  arrive  at  the 
expressions — 


v=>/ 


Ai*  +  V  +  V(Ai«  - 

-  V)*  +  4A«Ai2A22 

2 

Ai*  +  K-  - 

-  V(Ai2  - 

-  \^Y  +  4A2Ai2A22  _ 

2 


(96) 


Professor  Pierce  measured  carefully  the  wave-lengths  of  the 
waves  set  up  in  the  two  coupled  circuits  which  he  used,  and  compared 
the  results  with  the  above.  formulsB  and  found  a  very  good  agreement. 
The  natural  wave-length  A2  of  the  secondary  circuit  was  kept  constant 
and  equal  to  1060  metres,  whilst  the  primary  circuit  was  varied  so  as 
to  alter  its  natural  wave-length  A^  from  210  to  1560  metres.  The 
observed  and  calculated  values  of  A^'  and  A2'  are  set  out  in  the  follow- 
ing Table,  and  delineated  in  the  curves  in  Fig.  23. 

*«  See  Chap.  II.  §  18. 
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Oalonlated  and  observed  wave-lengths  radiated  by  a  coupled  oscillator.  Circuits 
not  syntonized.  Primary  capacity  =  0*00482  mnl.  Secondary  capacity 
=  0*00482.  Primary  inductance,  varied  as  below.  Secondary  inductance 
=  0-066  millihenry.  Primary  wave-length,  varied  as  below.  Secondary  wave- 
length X,  =  1060  metres. 


1 

Pr.  Inductance. 

Pr.  WAve-leogtb. 

Wftve-Iengtb 

B  calcolatad. 

Wave-lengtlw  obsenred. 

IfilUbenryB. 

Metres. 

Ai' 

At' 

^'         '        7% 

01685 

1560 

1740 

727 

0189 

1460 

1670 

712 

1660                685 

0118 

1850 

1667 

686 

1670                666 

010 

1280 

1462 

680 

1480        '        660 

0062 

1180 

1890 

660 

1870        !        660 

0066 

1000 

1278 

685 

1280                660 

00482 

870 

1185 

680 

1186 

680 

0-0815 

700 

1127 

695 

1125 

666 

00172 

510 

1080 

467 

1090 

460 

The  agreement  between  observation  and  theory  is  fairly  close. 
Another  series  of  observations  was  taken  when  the  two  coupled 
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circuits  had  the  same  periodic  time  or  wave-length  when  separated. 
This  was  the  case  of  resonance. 
In  this  we  have — 


iKr  =  W  +  k) (97) 

(V)*  =  V(1-*) (98) 


The  results  of  observation  are  recorded  in  the  Table  on  p.  310,  and 
delineated  in  Fig.  24. 

The  convergence  of  the  lines  in  Fie,  24,  the  ordinates  of  which 
represent  the  various  values  of  A^'  and  A2',  as  the  coupling  becomes 
looser  is  very  striking  and  in  accordance  with  theory. 


310 
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Calculated  and  observed  wave-lengths  radiated  by  a  coupled  oscillator  with 
circuits  syntonized  to  a  common  wave-length  K  which  was  varied. 


NatanJfree 

wftye>Ieogth  of 

either  drcait. 

WftYo-lengths  radiated  from  the  ooapled  dicaite. 

Obaeryed. 

CalcaUted. 

1060 

1290 

A.' 

655 

1885 

680 

900 

1095 

555 

1150 

555 

810 

1025 

508 

1082 

507 

690 

860 

450 

870 

440 

670 

700 

880 

714 

874 

487 

600 

880 

609 

822 

895 

480 

280 

485 

278 

290 

345 

224 

852 

210 

252 

275 

204                        294 

174 

12.  The  Damping  in  Conpled  Ciponits.— Oberbeck  shows  {loc. 
ciL)  how  to  calculate  the  damping  in  each  of  the  two  coupled  circuits 
forming  an  oscillation  transformer  when  the  resistances  are  not 
negligible.  On  referring  to  equation  (62)  in  §  11,  we  see  the  value  of 
p  is  given  by  an  equation  of  the  fourth  degree  of  the  form — 

P^+fP^  +  ffP^  +  hp^  +  k  =  0    ....    (99) 
The  roots  of  this  equation  are — 

(  — a+y^),    (  — a— j)3),    (  — y+M    (  —  y—jv) 
Let  a  be  small  compared  with  )3,  and  y  small  compared  with  rj,  as 
is  always  the  case  in  practice.    Then  Oberbeck  proves  that — 


"*""  2(2)32"-^")'         ^      2(2ry2-^) 

M 


(100) 


Let  the  coefficient  of  coupling  =  — .  _  -     be  denoted  by  k,  and  let 

vL^Lg 

us  consider  the  case  in  which  L^G^  =  LgCg*    Then  if  B^  and  Bg  are 

the  resistance  of  the  two  circuits,  Oberbeck  shows  that — 


a 


Bi  ,   R2 


r=n 


5l    I    -^2 

L.'^Lo 


(101) 


4(1  +  k)'        '      4(1  -  k) 

Hence  the  two  oscillations  resulting  in  the  coupled  circuits-  of 
equal  separate  period  are  differently  damped.  One  is  more  damped 
and  the  other  less  damped  than  the  mean  of  the  damping  in  the  two 
separate  circuits. 

If  we  write  at  for  pr^ -  and  Oo  for  ~  ,  then  we  have — 

(1  +  k)a  =  i(ai  +  02) 

(l~%  =  i(ai  +  a2) (102) 

We  see,  therefore,  that  if  A;  =  0,  a  =  i(ai  +  02),  but  if  A:  is  not  zero 
then  we  have  a  <  y. 

18.  General  Tneory  of  Resonanoe. — When  two  circuits  having 
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induetance,  resistance,  and  capacity  are  inductively  connected  to- 
gether, we  are  then  presented  with  a  unique  case  to  consider  if  their 
natural  time  periodis  of  oscillation  when  separate  are  the  same. 
Oscillations  in  one  circuit  then  create  a  strong  response  in  the  other 
coupled  circuit.  In  practice  we  find  that  this  synUmy  or  agreement 
between  the  time  periods  of  the  two  circuits  must  be  very  exact  if  the 
phenomenon  of  resonance  is  to  take  place.  Hence  any  treatment  of 
the  subject  would  be  incomplete  which  did  not  include  an  examination 
of  the  manner  in  which  a  departure  from  equality  in  the  free  time 
periods  of  the  two  circuits  afifects  the  result.  We  shall  first  consider 
the  case  of  a  secondary  circuit  which  has  an  induced  electromotive 
force  created  in  it  by  a  sustained  or  continuous  simple  periodic  current 
in  an  adjacent  primary  circuit.  Let  G  be  the  capacity  in  the  secondary 
circuit,  L  the  inductance,  and  B  the  resistance.  Let  the  current  in 
the  circuit  at  any  time,  t,  be  denoted  by  t,  and  the  potential  difference 

R 
of  the  terminals  of  the  condenser  by  r.     Let  the  damping  factor^ 

be  denoted  by  a,  and  the  logarithmic  decrement  by  $. 

The  condenser  circuit  has  a  natural  time  period  of  oscillation  n^t 
which  is  determined  by  the  equation — 

_  1      /I        R2 


R 
Hence,  Up  =  ^im^  and  a  =  ^^ »  ^®  ^*^® — 


27r  V  LC      4L2 
R 
2L 


L^=i^  +  a2 (103) 

The  differential  equation  for  the  current  in  the  condenser  circuit  is — 

Jj^  +  Bd  +  v^e (104) 

where  a  =  E  sin  qt  is  the  simple  harmonic  electromotive  force  acting 
in  the  secondary  circuit  due  to  the  action  of  the  current  in  primary 
circuit  having  a  frequency  %  such  that  ^mii  =  q. 

dv 
Again,  i  =  0^ ,  and  therefore,  by  substitution  in  (104),  we  have — 

CL^+0R^+t^  =  E8iny^    .     .     .     (106) 

To  solve  this  last  equation,  differentiate  it  twice  with  respect  to  t, 
and  eliminate  sin  qt  with  the  aid  of  the.  original  equation.  We  have 
then— 

d^  d^v  d^y  dv 

dti  +  2«^  +  (P«  +  a*  +  q^}^  +  2?«a^  +  qHp^  +  a*>  =  0 

The  auxiliary  biquadratic  of  the  above  (see  Boole's  "Differential 
Equations,"  p.  194)  is  (m2  +  q^){m^  +  2am  +  p^  +  a^)  =  0,  and  the 
roots  of  this  equation  are — 

m  =  ±  V  -^^1  q 

7W  =  —  a  ±  V —  ip 
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Hence  the  solution  of  (106)  is — 

z;  =  P  sin  ^^+Q  cos  qt  +  Ae""*  sin  pt  +  Be""*  cos  pt 
or    t;  =  V  sin  (gr^  -  ^)  +  V'c-«' sin  (/?^  -  0)     .     .     ,         (106) 

where  P,  Q,  A,  and  B  are  some  constants  such  that  V  =  \/P2  +  Q2 
and  V  =  V'A2  +  B2. 

This  last  solution  indicates  that  the  current  in  the  secondary 
circuit  consists  of  two  superimposed  oscillations. 

(i.)  k  forced  oscillation  of  amplitude  Y,  which  is  undamped  and  has 
a  frequency  n^  identical  with  that  or  the  applied  electromotive  force. 

(ii.)  A  free  natural  oscillation,  having  an  initial  maximum  value 
V,  which  IS  damped,  and  therefore  dies  out  before  long,  leaving  only 
the  forced  oscillation  to  persist. 

If  we  differentiate  (106)  twice,  and  substitute  the  results  in  the 
original  equation  (105),  we  can  neglect  those  terms  which  have  a 

factor  e"**^,  as  they  die  away  after  a  short  time,  and  we  are  then  left 
with  the  equation — 

E 
^^  sm  2^  =  V(/72  —  ^2  +  a2)  sin  (qt  —  ^)  +  V2$'a  cos  (qt  —  4) 

•pi 

or      ^  sin  j^  =  V  y/^f-  —  q^  +  a2J2  +  (2^a)2  sin  (fi^^  —  ^  —  ^) 


CL 
Hence    V  = 


_r  +  ^_ E     .    .    .    (107) 

V[(^2_^2)^a2]2+[2^a]2 

and  since  the  maximum  value  of  the  condenser  current  /  =  CVj,  we 
have  an  expression  for  the  maximum  value  of  the  condenser  current, 
viz. — 

7=^    ,-  ^ > E      .     .     (108) 

Suppose  that  a  is  small,  so  that  a^  is  negligible  in  comparison 
with  p^.     In  this  case  the  secondary  circuit  is   said  to  be  feebly 

damped.     Then,  bearing  in  mind  that-  =  —  =  a?,  we  may  write  the 

equation  (108)  for  the  current  in  the  condenser  circuit  in  the  form — 

J  =  ^^. — (109) 

W?2(i  _  a.2)2  +  4a2) 

where  a  =  Stta*!,  2a  =  t-  ,  aiid  x  =—.* 
^  ^  L  ni 

Let  us  examine  the  manner  in  which  the  current  I  varies  as  the 

ratio  —  of  the  natural  frequencies  of  the  driving  and  driven  circuits 

approximates  to  unity. 

ljetx=^^  =  0        thenl=  ^ 


Wi  LVq^+\^ay^ 
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when  a;  =  -  =  1 

fu      7        E        E 

Eind  if  ar  —  -^      oo 

then  1=0 

n 


We  see,  therefore,  that  the  expression  for  the  current  in  the 
secondary  circuit,  considered  as  a  function  of  the  ratio  of  the  natural 
frequencies  of  the  two  circuits,  has  a  maximum  value  when  n^  =  n2> 
If  we  dehneate  the  expression  for  /  in  the  form  of  a  curve,  the 

abscissflB  of  which  represents  to  scale  ^  and  the  ordinates  the  corre- 

sponding  values  of  /,  then  we  have  a  curve  as  shown  in  Fig.  25, 


I 
i 

>* 
is 


I 

II 


It'O 


^  =  Ratio  of  Fbuquehgiibs. 
Fio.  25. — A  Besonanoe  Onrve. 

which  is  called  a  reaofiance  curve.  This  curve  runs  up  into  a  peak 
very  sharply,  because  the  value  of  I  depends  on  the  difference  of  the 
squares  of  two  quantities  which  are  approaching  each  other  in  value. 
The  current  corresponding  to  equality  in  the  frequency  of  the  two 
circuits  is  called  the  resonance  current.  We  shall  denote  it  by  Ir* 
It  is  obvious  that  the  ratio  of  the  current  corresponding  to  any 

particular  value  of  —  not  far  from  unity,  to  the  current  which  exists 
when  ^  is  unity,  is  given  by  the  equation — 


I 


2aq 


2a 


Ir       V(52  — i?2)2  +  (25a)2 


'^b-i7)l^m 


(110) 


It  is  most  convenient  to  plot  the  ratio  y  ^=»p  as  ordinates  to 

J-r 

abscisssB  representing  —-=:x  (see  Fig.  26). 

A  resonance  curve  so  plotted  enables  us  to  determine  the  logarithmic 
decrement  of  the  oscillation  circuit  with  great  ease.    For  if  8  is  the 
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logarithmic  deorement  per  semi-period  of  the  circuit,  then  2^28  =  a 
and  2nin  =  q.    Hence — 

2a_28   n^ 
q       TT  *  »i 


Therefore     —  = 


Ir 


TT    Til 


V[-©T+(f  ■:-:)' 


(111) 


!^  =  Ratio  of  Frbquanoiss. 
Fig.  26. — A  Resonanoe  Ourve. 


»2 


or  if  —  =  Xf  then  when  «  is  near  uhity  1  +  a:  is  nearly  2,  and  we  can 
transform  (111)  into — 


'V' 


+ 


(112) 


or 


8  =  ir(l  —  sr)/^ 


72 


1,^-1^' 


(113) 


The  practical  use  of  this  last  expression  for  the  decrement  is  con- 
siderable. Owing  to  the  difficulty  of  measuring  spark  resistance,  and 
the  fact  that  the  high  frequency  resistance  of  a  circuit  can  only  be 
predetermined  in  a  few  cases,  we  are  seldom  able  to  obtain  the 
resistance  decrement  of  a  circuit  by  direct  calculation. 

We  can,  however,  proceed  experimentally  as  follows:  Insert  in 
the  secondary  circuit  a  hot-wire  ammeter  so  as  to  measure  the  value 
of  the  root-mean-square  current.  Since  for  the  same  circuit  this 
E.M.S.  value  J  is  directly  proportional  to  the  maximum  value  /  of 
the  currents  during  each  train,  it  follows  that — 


J2 


72 


T2-.J2        /r2_/2 


(114) 
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where  the  suffix  r  indioates  the  value  of  the  ourrent  at  its  maximum, 
due  to  exact  resonance. 

If,  then,  we  can  measure  or  calculate  from  the  capacity  and  in- 
ductance in  the  primary  and  secondary  circuits  the  frequencies  %  and 
nj  for  the  various  values  of  the  secondary  current  J,  we  can  plot  a 

resonance  curve  of  J  in  terms  of  the  ratio  —  as  follows : — 

Set  oG  on  some  horizontal  line  a  distance,  OX  (see  Fig.  27),  to 
represent  unity,  and  on  this  line  mark  off  various  values  of  the  ratio 

-  as  ahscissae.    Corresponding  to  these,  set  up  ordinates  representing 


n 


the  values  of  J^,  and  taking  the  maximum  ordinate  XY  to  have  a 
value,  unity,  on  some  scale,  we  ohtain  a  curve,  AYB,  the  ordinates 
of  which  represent  the  ratio  of  the  square  of  iiie  secondary  current 
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Fig.  27. — Determination  of  the  Decrement  of  Electrical  Oscillations 

by  the  aid  of  a  Resonance  Ourve. 

J2,  to  the  square  of  the  maximum  current,  Jt^ ;  and  the  corresponding 
abscissflB  the  ratio  of  the  natural  frequencies  of  the  two  circuits. 

Then,  if  XiYi  is  some  value  of  ,  « corresponding  to  a  value  of  —  not 

fitr/rom  unUy,  we  have  XX^  =  1  —  —*  and 

X,Y, 


Tty 


V(XY)2  —  (XiYi)2  ""V  J^2  _  J2 


Hence  from  (113)    8  =  ^XXi);^^^|^i— ^^  .     .    (115) 

The  reader  must,  however,  notice  that  this  method  of  obtaining  the 
decrement  8  from  the  resonance  curve  is  based  on  two  assumptions — 
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(i.)  The  distance  XX^  must  be  small  compared  with  OX,  so  that 
1  —    -  is  a  small  quantity  compared  with  unity. 

(ii.)  The  method  is  only  valid  when  the  decrement  8  is  small 
compared  with  n,  so  that  2n8  =  a  is  small  compared  with  2n7r  =  p,  as 
above  assumed. 

Hence  the  method  only  applies  to  the  determination  of  the  decre 
ment  of  a  feebly  damped  oscillatory  circuit,  or  to  one  in  which  the 
decrement  is  not  greater,  say,  than  0*1. 

If  the  damping  is  not  small,  then  we  cannot  neglect  8  in  com- 
parison with  TT,  and  in  plotting  the  resonance  curve  for  potential  and 
current  we  have  to  employ  the  complete  equations  (107)  and  (108). 
We  then  find  that  the  resonance  curves  for  potential  and  current 

plotted  to  the  same  ordinates-^are  no  longer  identical  or  symmetrical, 

and  moreover  that  the  maximum  ordinate  of  the  curve  does  not 

coincide  with  abscissa  -^  =  1.     This  leads  to  the  conclusion  that  we 


i 


Oi 


^^ 


iS 


Jt-O 


Fia.  28. — Resonance  Gnryes  plotted  in  Terms  of  Potential  for  Strongly 

Coupled  Circuits. 

have  to  distinguish  between  isochronism  in  two  circuits  and  resonance^ 
and  that  whilst  these  are  identical  for  feebly  damped  currents,  they 
are  not  so  for  strongly  damped  currents.  The  two  diagrams  in  Mgs. 
28  and  29  for  the  resonance  curves  of  potential  and  current  for  two 
circuits  having  decrements  per  half-period  respectively  of  0*1  and  0*4, 
show  this  distmction.  These  diagrams  are  taken,  by  kind  permission, 
from  the  treatise  by  Professor  J.  Zenneck  on  *'  Electrical  Oscillations 
and  Wireless  Telegraphy,"  p.  573. 

14.  Resonance  between  Two  Conpled  Circnits  both  having 
Damping, — The  case  of  two  inductively  coupled  oscillation  circuits 
both  having  damping  presents  somewhat  greater  analytical  difficulties 
in  its  discussion.  It  has  been  handled  with  ability  by  several  writers. 
We  shall  first  follow  in  outline  the  method  employed  by  V.  Bjerknes 
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in  dealing  with  this  problem.*^  We  assume  that  there  are  two 
circuits,  both  haying  capacity,  inductance,  and  resistance,  which 
are  inductively  connected.  Let  us  suppose  that  oscillations  are 
excited  in  one  circuit  by  means  of  a  spark  gap  as  usual,  and  that 
these  set  up  other  oscillations  in  the  adjacent  secondary  circuit.  The 
problem  is  to  predetermine  the  secondary  current  and  the  decrements 
and  their  relation  to  the  constants  of  the  two  circuits.  Let  suffixes 
1  and  2  refer  to  the  primary  and  secondary  circuits,  let  G,  L,  and  B 
denote  the  capacity,  inductance,  and  resistance  of  the  circuits,  a  the 
damping  factor,  and  8  the  decrement,  and^  27r  times  the  frequency  n. 
We  have  first  to  construct  the  differential  equation  expressing  the 
instantaneous  terminal  potential  difference  of  the  condenser  in  the 
secondary  circuit.  Let  t'2  be  this  potential  at  any  time  L  Then,  as 
in  the  previous  section,  we  have  as  the  equation  of  potential  difference 


Fia.  29.^-Be8oniinoe  Oorves  plotted  in  Terma  of  Gurient  for  Strongly 

Coupled  Circuits. 

between  the  terminals    of    the    secondary  circuit    condenser    the 
expression — 

?-:H?^.?;  +  ^r.  =  ^e-Meos;,,/.    (116) 


rf/2  ^  L<,    dt^  OoL 


GoL< 


i2      »«'         v^2^2  ^2^2 

We  assume,  for  the  sake  of  avoiding  purely  analytical  difficulties, 
that  the  impressed  electromotive  force  in  the  secondary  circuit  has 
its   maximum   value  £   when  ^  =  0,  and  that  at  this  instant  the 

oscillations  in  the  secondary  circuit  begin  so  that  v^  =  0,  and  -  ^  =  0 


Eg        ,     .  .       _        1 


dt 


when  /  =  0.    Writing  2a2  for  =?,  and  p^  +  Oo^  for  =-.=^  as  before,  we 

have,  as  the  expression  for  the  potential  difference  of  the  terminals 
of  the  condenser  in  the  secondary  circuit,  the  equation — 


il^v 


2 


dv 


E 


(^ 


+  202  -jr^  +  {p^^  +  022)1.2  =  rrr  ^""^'  cos  p^t  .      (117) 


dt 


L2C 


2 


**  See  y.  Bjerknee,  Wied,  Ann.,  1895,  vol.  55,  p.  121 ;  also  Ibid.,  1891,  vol.  44, 
p.  74. 
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The  above  expression  indicates  that  the  motion  of  eleotrioity  in  the 
secondary  circuit  is  due  to  a  damped  inducing  oscillation  in  the  primary 

circuit  with  period  —  and  damping  factor  a^. 

To  solve  (117),  differentiate  all  through  twice  with  respect  to  time ; 
multiply  the  original  (117)  by  {p^^  -|-  <*i^)»  ^-^^  fi™*  differential  by  la^ ; 
and    add    the    results    to    the  second  differential  equation.    This 

eliminates  the  term  e"**!^  cos  p^f,  and  gives  us  a  differential  equation 
of  the  4th  order,  viz. — 

^  +  2(ai  +  o^)  ^?  +  [(pyi  +  ai8)  +  (P82-+  0^2)  +  4aia8}§ 

+[2a8(Pi2 + ai2)  +  2oi(p2«  +  a^^)]  ^  +  ^p^^  +  a2«)(pi8  +  Oi2)]r2  =  0 

(118) 

Beplacing  the  differential  coefficients  by  m^,  m^,  nfi,  and  m 
respectively,  we  have  as  the  auxiliary  equation  a  biquadratic  in  m. 

The  solution  of  (117)  is  found  by  taking  the  roots  of  the  auxiliary 
biquadratic  having  the  same  coefficients  term  for  term.  These  roots 
are  easily  seen  to  be — 

—  ai±y/  —  Ipi  and  —  a^±y/  —  lp% 
Hence  the  solution  of  (117)  is  in  the  form — 

v^  =  Vi€~«i*  sin  (p^t  +  ©i)  +  V2€-««*  sin  {p^  +  0^) .    (119) 

This  indicates  that  there  are  two  superimposed  oscillations  created  in 
the  secondary  circuit. 

(i.)  A  forced  oscillation  of  maximum  amplitude  Y^,  having  the  same 
frequency  and  damping  as  the  primary  current. 

(ii.)  Kfree  oscillation  of  maximum  amplitude  V2,  having  the  natural 
frequency  and  damping  of  the  secondary  circuit. 

To  find  the  values  of  the  amplitudes  Y^  and  Y2,  and  the  phase 
angles  di  and  ^21  ^^  proceed  as  follows  : — 

Differentiate  the  solution  (119)  for  v,  and  substitute  the  values  of 

V  and  —  found  from  (119)  in  the  original  equation  (117).     We  obtain 
dt 

the  expression — 

j^€-«»^cos  p^t  =  Yi[p22  -Pi^  +  {<H-  ai)2]€-«i*  sin  {p^t  +  6^) 

+  Yi[2;^i(a2-ai)]€-«i*cos(i7i<+<^i)     •     (120) 
Bearing  in  mind  that  =-^  ^p^  +  a^,  and  that  y/k^  +  B2  cosp^ 

=  A  cos  {pt  +  fl)  +  B  sin  {pt  +  tf ),  provided  that  tan  tf  =  y,  it  follows 
at  once  that — 

y        ,  yg'  +  ^i'  p,   (121) 
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The  above  expressions  give  us  the  maximum  amplitude  and  phase 
of  the  forced  oscillation  in  the  secondary  circuit. 

To  find  the  same  constant  for  the  free  oscillation,  we  must  take 

equation  (119),  and  put  ^  ==  0  and  t;  =  0 ;  and  also  differentiate  (119), 

dv 
and  put  ^  =  0  and  ^  =  0.    We  then  have— 

dt 

Vi  sin  d^  +  Vj  sin  tf^  =  0 
— Vitti  sin  O-i  +  ^iPi  cos  $1  —  V2a2  sin  tfj  +  V2P2  ^^  ^2  =  0 
or    V2P2  sin  ^2  =  — Vij[?2  sin  #1  |       ^22) 

and    V2/?2  cos  0^^  •— Vi[(a2  —  a^)  sin  9i  +  Pi  cos  d{\)  ' 
Squaring  and  adding,  we  obtain — 
y^^Pi^  =  (02  —  ai)2Vi2  Bin2  $1  +;?2*Vi2  sin2  tf^  +Pi^Vi^  cos2  6^ 

+  ^i<^  —  OiVi*  sm  Ox  cos  ^1    .     .    .    (123) 
and  having  regard  to  the  value  of  tan  0^  given  in  (121),  we  find  that 
(123)  reduces  to— 

V8^22  =  Vi2[p22  +  (02  -  ai)2]      .     .     .     (124) 
Hence  it  follows  that — 

V2      VP2^  +  (^2  -  <^i)^ 
Vi-  ^2 

and  that  V2  =  -  ^  ^^t V)^^V.+(/^--i)l_^^ .  E    (125) 
and  ten  0,  =      ^^       ;.2^  -  y,2  +  (02  ■•- a,)2 

02  —  oi  ^2*  + 1^1*  +  (<»2  —  <»2r 

The  above  expressions  enable  us  to  define  the  secondary  current 
precisely. 

Each  potential  oscillation,  forced  and  free,  acts  to  produce  its  own 
current  in  the  secondary  circuit,  and  if  we  call  /^  and  I^  the  maximum 
values  of  the  forced  and  free  secondary  currents,  we  have  these  related 
to  the  potential  maxima  as  foUows  :—^ 

A  =  C2Vif?i 
li  =  G2Y2P2 

Accordingly,  we  have  the  following  expressions  for  the  amplitude 
of  the  currents  : — 

Forced  current)  ^^E 


Free  onrrent  _  Vp2*+(a2— aj)* .  E 


maxuDum 
amplitude 


=  /•  = 


*      LjV[i»2'-i'i«+(a2-ai)2]2+4pi2(a2-ai)2 

(128) 

Hence  the  actual  current  in  the  secondary  circuit  is  the  resultant 
of  two  damped  oscillations,  differing  in  phase  and  frequency.  The 
further  discussion  of  the  problem  is  facilitated  by  adopting  a  procedure 
due  to  Y.  Bjerknes.^ 

**  See  V.  Bjerkneg,  **  On  Electrical  Resonance/'  Wied.  Ann,,  1895,  vol.  56 , 
p.  121. 
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He  assumes  that  we  may  consider  the  secondary  current  as  a 
smgle  current  of  variable  amplitude  expressed  as  a  function  of  the 
time,  of  the  form — 


i  =  Cg^^^-i^^M  cos  (w^  +  m')     .     .     .     (129) 


where  M  is  a  function  of  the  time  and  of  the  damping  factors  and 
other  circuit  constants. 

Let  the  original  differential  equation  for  the  potential  difference  of 
the  terminals  of  the  secondary  condenser  be — 

g  +  208^  +  (pj8  +  aa2)f  =  ^r  "' «°  (Pi<  +  ^)    (130) 

Bjerknes  shows  that  the  solution  of  the  above  equation  can  be 
given  in  the  form — 

v  =  M  sin  {mt  +  wi') 

^yhere 

and    Pj  =  €-%d(€-^t  +  €2W  —  2  cos  nt)  \ 

Pg  =  e-^iii(n^^  —  n  cos  2n^  —  V  sin  2nt)        (132) 
Pg  =  €  -M(i'€2»'<  —  V  cos  2nt  +  n  sin  2nt)  ) 

Bjerknes  then  discusses  various  cases,  and  delineates  curves 
showing  the  variation  of  M  with  time. 

1st  case.     Let  the  primary  and  secondary  circuits  have  the  same 
periodic  time  and  damping,  viz.  p^  =  p^  and  a^  =  a^>    Then  we  have — 

The  graph  of  this  equation  is  shown  in  Fig.  30  (A).  In  this  case 
the  amplitude  of  the  oscillations  first  increases  and  theu  slowly  falls 
away  again. 

2nd  case.  Let  the  two  circuits  have  equal  periodic  times  but 
unequal  damping.     Then — 

The  graph  of  this  equation  is  given  in  Mg.  30  (B)  for  logarithmic 
decrements  Sj  =  0-4,  h^  =  0'04. 

3rd  case.  Let  the  damping  of  the  two  circuits  be  the  same,  but 
the  frequencies  different.     Then  we  have — 

The  graph  of  this  equation  is  shown  in  Fig.  30  (D),  and  it  presents 
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OS  with  tbat  poiodic  w&xmg  u>d  wsning  which  is  known  in  kooaatios 
ma  the  pheoomflDon  of  BmU. 

4th  emae.  Let  the  dampiDg  and  freqnenoy  of  the  two  ciioaits  be 
difivoit,  then  the  nine  oE  M  is  given  in  (131),  and  the  graph  will 
Tuy  according  to  the  relative  valaee  of  the  ooustaots,  bat  two  oaaee 
are  shown  in  Fig.  30  (E  and  F).  Bjerknes  then  passes  on  to  show 
how  the  inta^ni  ratue  or  mtan-tqiutrr  value  of  the  resultant  seoondajy 
enrrent  can  be  calcnlated. 

If  we  denote  the  meaD-sqtt&re  value  of  the  potential  difference  of 
the  terminals  of  the  eecondary  drcnit  eondenser  bjr  U,  and  the 


^<^ 


Pio.  aa— BjarknM'  Cdttm  repraMDtiiig  VariooB  TTpw  of  PoBBible  Saooadarj 
OsciUations. 

coneeponding  valoe  of  the  onrrent  by  J,  then  U  is  defined  by  the 
eqnatioD — 


=  I    t>^tt (136) 


since,  owing  to  the  frequency  of  the  oscillations,  a  time  of  1  second 
may  be  considered  to  be  infinUe  as  far  as  the  decay  of  oscillations  is 
concerned.    Then,  since  c  =  M  sin  {nU  +  m') — 

i;«  =  ^'-^cos2(m/  +  m').     .     .     .    (137) 

Id  taking  the  integral,  that  part  due  to  the  cosine  term  of  the  above 
'  equation  is  zero,  and  hence — 

U*  =  irMV( (138) 

JO 
Also  the  mean-square  value  of  the  current  is  given  by — 

J2  =  C|mKU2  . (139) 

where  Cj  is  the  capacity  of  the  secondary  eondenser.     Hence— 

°MSrf/ (140) 


=ic^^^/:= 
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We  must  refer  the  reader  to  Bjerknes*  paper  {loc.  ciL)  for  the  steps 
of  the  reasonmg  by  which  he  finally  deduces  an  important  equation 
for  the  mean-square  value  of  the  secondary  current,  which  in  our 
notation  is — 

T2_  _^_L   ^1  +  ^      I (Ui) 

-1614'     a^og    '{Pi-P2)^  +  {a,  +  a^)^'     '     ^       ^ 


Sine 


»=02 


dv 
di 


we  have — 


..=/:«=o;r(j)-« 


If  we  substitute  the  values  of  Vj  and  Vg  given  in  (120)  and  (126) 
in  the  equation  ^119),  and  then  differentiate  with  regard  to  t,  square 
and  integrate  with  regard  to  t,  and  neglect  powers  of  {Pi  —p^)  ^^^ 
(a^  —  02),  we  reach,  after  some  troublesome  reductions,  the  above 
equation.  (See  also  **  La  Telegraphic  sans  fil,"  by  MM.  J.  Boulanger 
and  G.  Perri6,  7th  ed.,  p.  166.) 

This  equation  gives  us  the  value  of  the  current  which  would  be 
read  on  a  hot-wire  ammeter  of  suitable  type  inserted  in  the  secondary 
current. 

It  shows  us  that  J  increases  as  pi  and  p^  or  the  frequencies  of  the 
two  circuits  become  more  nearly  equal.  Let  us  denote  by  J^  the 
value  of  the  secondary  current  when  pi  =  p2,  and  call  Jr  the  resonance 
current;  then — 

ja  ^   ^^  1 n  42) 

^      16Lg  '  aiOL^iai  +  02)    • 


Accordingly,  the  ratio  of  J*  to  Jj  is  given  by — 

J2  __        (ttj  +  02)2 

J^v  ""(i^i -1^2)2 +  (ai  + 02)2 

Hence     ^i  ^  i^  =  J-^I^^ 
J  2  (ai  +  a2)2 


(143) 


or     (ai  +  oz)  =  {pi  —  P2)  :^jrzrj2      •     •     •     •     0-^^) 

If  82  sknd  82  &^  ^^3  logarithmic  decrements  per  semi-period  of  the 
two  circuits,  then  a^  =  ^ni8i,  and  02  =  2/2282.  Hence  if  we  insert 
these  values  of  a^  and  a^  in  (144),  and  assume  that  t?ie  frequencies  of 
the  two  circuits  n^  and  n^  are  nearly  the  same,  we  can  write  (144)  in  the 
form — 

8,+&=<i-:-^)^j/_j, ....  (145) 

This  useful  equation  gives  us  the  means  of  determining  the  sum  of 
the  decrements  of  the  two  circuits  when  we  have  a  resonance  curve 

T2  n 

plotted  showing  the  variation  of  -y^  with  —  .    Thus,  suppose  we  insert 
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a  suitable  hot-wire  ammeter  in  the  secondary  circuit  and  vary  the 
inductance  of  that  circuit  so  as  to  change  its  natural  time  period  n2, 
and  if  we  know  %  we  can  plot  a  curve,  as  in  Fig.  27,  called  a  resonance 

curve,  in  which  the  ordinates  represent  the  values  of  yf   ^^^  tihe 

r 

absoisssB  denote   the  fraction    -^.    This    curve   has    a    maximum 

^^ 
ordinate  equal  to  unity,  and  a  corresponding  abscissa  also  equal  to 

unity.    Draw  any  other  ordinate  near  to  the  maximum  and  let  x 

n  J* 

denote  1 ~  and  y  denote  =5.    Then  from  (145)  we  have — 


81  +  82  =  TO,y/j^ (U6) 


and  the  measurement  of  x  and  .v  enables  us  to  find  S^  +  82*  -^t  then, 
we  can  calculate  one  decrement  from  other  data,  we  have  the  second 
decrement  from  this  last  equation. 

This  is  the  equation  which  was  applied  to  determine  the  decrement 
of  an  oscillatory  circuit  having  a  spark  gap  in  it  in  the  researches  of 
P.  Drude,  to  which  reference  has  been  already  made  in  §  5. 

It  is  sometimes  convenient  to  employ  equation  (146)  in  the  form — 

_J2 1 

^(81  +  82)2 

ft 
This  equation  holds  good  only  when  x=l ^  is  small,  and  when 

81  and  Sg  are  also  small  compared  with  n. 

In  Uie  Paper  by  Bjerknes,  above  mentioned  (Wied.  Ann,^  vol.  55, 
1895,  p.  145),  he  proceeds  to  show  how  we  can  transform  the  equation 
(143)  for  the  ratio  of  the  mean-square  values  of  the  secondary  current 
J2  to  the  resonance  current  J;  into  another  form.  Let  co  stand  for  the 
sum  of  the  decrements  81  +  82  P®^  semi-period,  or  for  the  mean  value 
of  the  decrements  of  the  primary  and  secondary  circuits,  and  let  T^  be 
the  time  period  of  the  oscillator  or  primary  circuit,  and  T2  that  of  the 
secondary  circuit  or  resonator,  then  Bjerknes  proves  that — 

Jg     ctfgT2g  +  7r2S(Ti  —  Tg) 
'jJ^a>2T22  +  w^Ti-T2)2 

where  S  is  a  certain  parameter,  the  meaning  of  which  will  appear 
presently. 

If  we  put  y  for  J*,  Y  for  JJ,  X  for  Tg,  and  x  for  T^,  the  equation 
(141)  transforms  into— 

y  L  ^i+  ^s(?  -  X) 

Y'"co2X2  +  7r2(a;-X)2 ^       ^ 

The  above  equation  is  the  equation  of  thexesonance  curve.  It  can 
easily  be  thrown  into  the  form — 

a;2y  — A2?i^  — Bj;  +  Cy  +  I>  =  0    .     .     .     (148) 
which  is  the  expression  for  a  curve  of  the  third  degree. 
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If  the  expression  (147)  is  rearranged  in  terms  of  {x  —  X)  and 
{t/  —  Y),  it  can  be  put  into  the  form — 

Tr2fj(x  --  X)2  —  7r2SY(a?  —  X)  +  w^X^{y  —  Y)  =  0  .    (149) 

The  point  a;  =  X  and  y  =  Y  is  then  a  point  on  the  curve.    Bjerknes 

calls  this  the  paint  of  isochronism. 
[•  It  is  a  point  near  to  the  maximum 

value,  but  not  coincident  with  it. 
If  we  put  y  =  Y  in  (147),  it 
gives  us  (2;  —  X)  =  S,  which  shows 
that  S  represents  the  length  of 
a  chord  through  the  point  of  iso- 
chronism. 

If  the  curve  represented  by 
(147)  or  (148)  is  delineated  (see 
Fig.  31^,  and  if  we  draw  a  chord 
across  it  parallel  to  the  axis  of  a:, 
and  call  Xi  and  x^  the  abscissas 
of  these  intersections,  we  have 
{xi  —  X)  and  {x^  —  X)  as  roots 
of  the  equation  (149),  and  there- 
0C|     X  "^2  fore  by  the  theory  of  equations 

Fig.  31.  we  have — 


(«i  — X)  +  a;2  — X)=- 
The  quantity — 

4[(*i  -  X)  +  {x^  -  X)] 

or  ~        ^  —  X  represents  the  distance  between  the  middle  point  of 

this  chord  and  the  ordinate  of  the  point  of  isochronism.     If  we  call 
this  distance  z,  then  we  have — 


yz  =  -jr-  =  a  constant  . 


(150) 


This  shows  that  the  locus  of  the  middle  points  of  all  the  chords  of  the 
resonance  curve  drawn  parallel  to  the  axis  of  x  'v&  ^n  equilateral  hyper- 
bola. 

The  asymptotes  of  this  hyperbola  are  the  axis  of  x  and  the 
ordinate  of  the  point  of  isochronism. 

If,  then,  we  draw  the  resonance  curve  and  bisect  all  the  chords, 
we  can  describe  the  hyperbola  and  find  its  asymptote,  and  hence  the 
point  a;  =  X,  y  =  Y. 

If  we  draw  any  chord  mn  near  the  top  (see  Fig.  31),  it  cuts  this 
asymptote,  and  is  cut  by  it  into  two  sections,  and  these  four  lengths 
are — 
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np=Xz--X  =  b\      .    /  .     .     .    (151) 
2P=:      y      =  r  I 

If  we  then  insert  the  valaes  of  aj^  —  X,  a^  —  X,  y  and  Y  —  y  given 
in  (151)  in  equation  (149;,  we  arrive  at  the  equation — 

*^  =  -dx^ (^^^) 

or    to^J^/^j'^Si  +  Sj (153) 

Henoe  the  sum  of  the  decrements  of  the  oscillator  and  resonator, 
or  of  the  two  coupled  drouits,  can  be  obtained  from  the  resonance 
cmrve  by  drawing  the  equilateral  hypolata,  which  is  the  locus  of  the 
middle  points  of  all  its  chords,  and  finding  its  vertical  asymptote. 

We  shall  apply  this  theorem,  in  a  later  chapter,  to  the  determina- 
tion of  the  numerical  values  of  the  decrement  in  certain  cases. 

A  very  masterly  discussion  of  the  problem  of  the  inductive  trans- 
formation of  electric  oscillations  has  also  been  given  by  Professor  P. 
Drude  in  a  well-known  memoir.'^  He  discusses  the  theory  of  an 
oscillation  transformer  or  Tesla  coil,  consisting  of  a  secondary  circuit 
wound  on  a  cylinder  of  length  h  and  diameter  d,  in  one  or  more 
layers  of  wire,  and  embraced  bv  a  primary  circuit  of  one  or  a  few 
turns  of  wire,  the  primary  ciromt  being  a  circle  having  its  centre  on 
the  axes  of  the  secondary  circuit 

He  takes  hn  to  denote  the  self-inductance  of  the  primary,  and  14 
that  of  the  secondary,  and  L22  to  denote  the  mutual  inductance  of  the 
secondary  on  the  primary,  and  L21  that  of  the  primary  circuit  on  the 
secondary.  In  the  case  of  two  simple  linear  circuits  with  currents 
equal  in  all  parts  of  the  circuit,  we  should  have  L22  =  L21  =  M,  or 
the  mutual  inductance  of  the  two  circuits.  In  the  case  of  such  an 
OBoillation  transformer  as  is  here  discussed,  Lji  is  always  greater  than 
L22  in  the  ratio — 

Lji  :  L^2  =  1  •  ^  ^i 

where  a  is  some  quantity  less  than  the  length  h  of  the  secondary 
spool. 

The  reason  for  this  difference  is  that  the  total  flux  of  induction 
produced  by  the  actual  current  of  unit  strength  in  the  centre  coil  of 
the  secondary  circuit  is  less  than  that  which  would  be  produced  by  a 
current  having  the  same  value,  viz.  unit  strength  in  all  parts  of  the 
secondary  coil,  because  the  actual  current  in  the  secondary  coil  is 
greatest  in  the  centre  of  the  wire  and  zero  at  the  terminals  or  open 
ends.  Drude  then  defines  the  coefficient  of  coupling  k  by  the 
expression — 

I'll  .  ^22 

*"*  p.  Drnde,  **  Uber  induktiv  Erregung  zweier  BlektriBoheSchwingungBkreise 
mit  Anwendtmg  auf  Perioden  und  DampfungBinesBimg  Tesla  trans! ormatoren  und 
DrahUose  Talegraphie,"  Ann.  der  PhyHk,  1904,  vol.  18,  p.  512. 
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If,  then,  Vi  is  the  potential  difference  of  the  primary  condenser 
terminals  at  any  instant,  and  v^  that  of  the  secondary  terminals  at  the 
same  instant,  Drude  establishes  two  equations  which  in  our  notation 
are  as  follows  : — 

LuOa'^^-LiA^?  +  RxCa^^  +  ^'x  =  0.    .    (155) 

r^C,^^  -  L, A^' +  B,C/^H  ra  =  0  .    .    (156) 

and  obtains  solutions  for  these  in  the  form — 

t^i  =  Ac^^i*  +  AjC***  +  AgC*'*  +  A^c^'^^     .     .    (167) 
1^2  =  B€*i*  +  BgC**^  +  BjC^'*^  +  B4C^*^     .     .    (158) 

and  finally,  by  a  long  course  of  reasoning,  he  proves  that  if  the 
circuits  are  adjusted  to  resonance,  so  that  ttiiGi  =  L22C/2,  we  have 
the  value  of  the  secondary  terminal  potential  difference  given  by  the 
expression — 

^^^-2^^^  c,L,2-^2^(^«i-^y  *  •  '  ^   ^ 

Where  Y^  is  the  maximum  value  of  the  primary  condenser  potential 
difference,  and  p  is  a  function  of  the  sum  (S^  +  82)  ^^  ^^^  ^^^ 
logarithmic  decrements  per  semi-period,  S^  and  82  of  the  primary  and 
secondary  circuits  when  separate,  and  also  of  the  coefficient  of  coupling, 
k.     The  function  expressing  p  is  of  the  form — 

p  =  €^^  cos  P<  —  €^^  cos  Q^ (160) 

where  A,  B,  P,  and  Q  are  functions  of  $1  +  821  ^  S'^d  the  frequencies 
of  the  two  circuits.  Hence  v^  has  its  maximum  value  corresponding 
to  the  maximum  value  of  p.  Drude  gives  a  series  of  curves,  repro- 
duced in  Fig.  32,  which  delmeate  the  form  of  the  function  expressing 

in  terms  of  k  for  certain  values  of  82  4~  82  between  0*15  and  1*00. 

t  is  seen  that  these  curves  all  have  a  maximum  ordinate  correspond- 
ing to  a  coefficient  of  coupling  k  near  to  0*6,  and  also  that  for  the 
value  k  =  1  the  value  of  p  is  for  all  curves  0*5.  If  82  and  82  are  both 
zero,  then  p  has  the  value  unity  for  all  values  of  k.  Hence,  if  we 
denote  the  maximum  value  of  p  by  p  for  any  value  of  8^  -|-  82,  we  can 
express  the  maximum  value  of  the  secondary  terminal  potential  differ- 
ence V2  by  the  equation — 


? 


If,  then.  Si  -}-■  82  =  0,  we  have  p  =  1  and — 
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This  expression  for  the  ratio  of  =r  for  the  undamped  osciUations 

becomes  identical  with  that  given  by  Oberbeok  if  L21  =  Li2*  From 
the  curves  given  in  Fig.  32  we  can  calculate  the  ratio  of  the  maximum 
secondary  terminal  potential  difference  V2  to  the  primary  condenser 
terminal  potential  difference  for  any  assumed  value  of  k  and  for  values 
82  +  S^  corresponding  to  the  curves  given. 

Thus,  suppose  the  decrements  of  the  circuits  are  such  that  81  +  ^ 
=  015,  and  that  the  coupling  is  such  that  Ar^=  0*6.    We  see  then 
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Fig.  82.— Drude*8  Curves. 

say  that  the  secondary  terminal  potential  difference  is  87  per  cent,  of 
that  which  it  would  be  if  the  circuits  were  undamped,  and  the  same 
primary  charging  voltage  employed. 

In  the  course  of  his  analysis  Drude  establishes  an  equation  for  the 
mean-square  value  of  the  secondary  current  J2,  which,  when  expressed 
in  our  notation,  is  as  follows  : — 


8 


(163) 


where  a^  and  a^  are  the  damping  factors  of  the  two  circuits.    This 
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equation  had  already  been  obtained  by  Bjerknes  (see  §  14  of  this 

chapter).    If  we  bear  in  mind  that  the  maximum  value  of  the  current 

V 
in  the  primary  circuit  L  ==  = — ^,  and  that  the  maximum  value  of  the 

electromotive  force  created  in  the  secondary  circuit  by  the  primary 

V  L 
current  is  Lji/i/?!,  we  see  that  —k—^  is  the  same  quantity  as  that 

denoted  by  E  in  the  expression  of  Bjerknes  (see  equation  142  of  this 
chapter),  and  that  the  expressions  therefore  given  for  J2  by  Drude  and 
Bjerknes  agree  with  one  another. 

It  follows,  therefore,  that  the  maximum  value  of  the  mean-square 
secondary  current  in  an  oscillation  transformer  is  given  by  the 
expression — 

V*       TA                 1 
j2     ■_  ^1       -^^       . .-*: ^  (164) 

"^       16 '  LJi .  LJj '  aia2(ai  +  c^) 

or  if  we  put  for  a^  and  a^  their  values  in  terms  of  the  decrements  and 
common  frequency  n,  we  have  a^  =  2w8i  and  c^  =  ^n&^.    Hence — 

V?  LJ,    .  1 

^'"^  ==  l2^  •  Lf. .  14  .'n3  •  p2(8,  +  h)  '    '    '     ^^^^ 
If  the  coupling  is  such  that  h^z  -  L21  =  14  =  ^^L2iL22,  we  have, 
since  CiLii  =  OgLgg  =  ^^^^  : 

j2     -.Y2C1C2  _    ._^^*2__  ^66) 

^-""^^    8    -8152(8,  + 82)      *     '     '     ^       ^ 


Fig.  38.— Double-humped  BeBonance  Ouives  for  Coupled  Circuits. 

The  above  formula  is  very  convenient  for  calculation,  and  shows 
us,  amongst  other  things,  the  importance  of  securing  a  small  decre- 
ment for  the  primary  or  condenser  circuit  if  the  mean-square  value  of 
the  secondary  current  is  to  be  large.  We  shall  find  this  formula  of 
use  to  us  in  calculating  the  current  in  the  antenna  of  a  wireless 
telegraph  transmitter  plant. 

If  we  take  the  resonance  curve  in  the  above  manner  for  a  pair  of 
coupled  circuits  in  resonance,  then,  as  proved  above,  we  shall  have 
oscillations  of  two  frequencies  set  up  in  each  circuit,  and  therefore 
find  two  frequencies,  corresponding  to  which  there  will  be  maximum 
currents  in  the  tertiary  or  cymometer  circuit.     Hence  the  resonance 
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curve,  when  described,  will  be  fonnd  to  be  a  curve  with  double  hump, 
as  in  Fig.  33.  If  these  humps  are  fully  separated,  which  implies  that 
the  frequencies  of  the  two  oscillations  lie  far  apart,  then  we  may 
apply  the  above-mentioned  method  of  determining  the  decrement  to 
each  hump  separately.  This  is  the  case  when  the  coupling  is  very 
close. 

If,  however,  the  coupling  is  loose,  then  the  humps  are  not  widely 
separated,  as  in  Curve  1,  Fig.  33,  but  tend  to  run  into  one  hump  with 
a  depression  on  its  summit,  as  in  Curve  2,  Fig.  33.  It  is  then  impossible 
to  apply  the  above  method  of  determining  the  decrement  to  each  hump 
separately.  C.  Fischer  has,  however,  described  a  method,  due  to  J.  Zen- 
neck,  by  which  the  two  nearly  superimposed  waves  can  be  examined 
separately.^  If  I.  and  II.  in  Fig.  34  represent  the  coupled  oscillatory 
circuits  and  M  the  measuring  cir- 
cuit, then  loops  1  and  2  are  formed 
in  the  circuits  I.  and  II.,  which 
are  coupled  inductively  with  two 
loops  3  and  4  placed  in  the  measur- 
ing circuit.  If  loops  1  and  2  are 
placed  so  far  apart  that  they  do 
not  sensibly  act  on  each  other, 
and  if  4  is  coupled  with  2,  then 
there  vTill  be  two  waves  set  up  in 
the  measuring  circuit.  If  the 
measuring  circuit  is  brought  into 
a  condition  of  resonance  with  one 
wave  by  altering  its  capacity,  then 
on  bringing  the  loop  3  near  to  loop  1 
a  minimum  reading  of  the  ammeter 

in  the  measuring  circuit  will  be  found,  so  that  any  approach  or  removal 
of  3  to  or  from  1  increases  the  current.  If  3  is  kept  in  this  position 
the  resonance  curve  obtained  by  continuously  varying  the  capacity 
and  inductance  of  M  shows  only  one  maximum,  which  is  that  due  to 
the  wave  of  one  frequency.  By  reversing  the  connections  of  loop  1 
and  slightly  shifting  3  the  resonance  curve  of  the  other  wave  can  be 
drawn.  The  principle  which  lies  at  the  base  of  this  method  is  that 
the  oscillatory  circuits  I.  and  II.  are  each  the  seat  of  a  current,  which 
may  be  considered  to  be  the  sum  of  two  damped  oscillations  differing 
in  amplitude,  damping  and  frequency.  Thus  the  solution  of  the  differ- 
ential equation  (118)  of  the  fourth  order  is  of  the  form — 

ii  =  AiC-"sm/?^-f  Bi€-y*sing/     .     .     .     (167) 
and  for  the  secondary  circuit  we  have — 

i^^A^€''^^smpt  +  B^€''y^Binqt     .     .     .     (168) 

and  hence  for  the  resultant  magnetic  field  in  the  neighbourhood  of 
these  circuits  we  have— 

M  =  (ajAj  +  fl2A2)c-"  sin  pt  +  («iBi  +  a^B^)€''y^  sin  qt    (169) 
where  a^  and   Oj  are  some  constants  depending  on  the  locality. 

»  See  C.  Fischer,  "  A  Metfiod  of  examining  separately  the  Two  Waves  on 
Coupled  Oscillators,"  Ann,  der  Physik,  vol.  19,  p.  182, 1906,  or  Science  Abstracts, 
vol.  ix.  A,  1906,  abs.  No.  678. 


FiQ.  84. 


330  DAMPING   AND  RESONANOE 


/ 


Hence  if  we  couple  the  circuits  I.  and  II.  independently  to  the  measur- 
ing circuit,  but  in  different  degrees,  find  bear  in  mind  that  the  current 
iu  circuit  I.  is  also  exactly  opposite  in  phase  to  that  in  II.,  we  can 
partly  neutralize  the  effect  of  one  of  .the  oscillations  in  11.  in  the 
measuring  circuit  by  the  action  of  the  same  oscillation  in  I.,  and 
thus  leave  the  measuring  circuit  only  influenced  by  one  of  the 
oscillations  existing  in  the  circuit  II.  G.  Fischer  gives  in  his  paper 
{}oCn  cit.)  examples  of  very  loosely,  moderately  loosely,  and  tightly 
coupled  circuits,  and  delineates  the  resultant  resonance  curves,  and 
detennines  by  this  means  the  decrements  of  the  two  oscillations.  He 
gives  the  foUowing  values  for  certain  oscillation  circuits  of  the 
decrements  of  the  two  oscillations  for  loose,  fairly  loose,  and  tight 
coupling  determined  in  this  manner : — 

ConpliDg.  Decrement  5.  Decrement  y. 

Loose  =  8%  008    (0-07)  009    (0-066) 

Moderate  =  7%  0057  (0-068)  0-068  (0-076) 

Tight  =39%  0-076(0-08)  0-09    (0-09) 

The  values  put  in  brackets  denote  the  decrements  which  were 
obtained  by  applying  the  Bjerknes  method  directly  to  each  hump  as 
if  it  were  a  separate  resonance  curve.  The  differences  show  that  for 
values  of  the  coupling  below,  say,  10  per  cent.,  the  two  methods  give 
different  values.  In  the  same  manner  there  is  a  concordance  between 
the  values  of  the  coefficient  of  coupling  obtained  from  observations 
with  the  two  humps  if  these  are  wide  apart,  but  not  if  they  are  close 
together. 

The  theory  of  the  damping  of  the  two  oscillations  in  coupled 
circuits  has  also  been  examined  by  G.  Fischer,^^  and  the  results 
of  experiments  by  the  above  method  compared  with  the  predictions  of 
the  theory  given  by  P.  Drude.*o  Fischer  found  that  the  frequencies  of 
the  two  oscillations  Ui  and  n^  existing  in  two  coupled  circuits,  each 
of  natural  free  frequency  N,  are  given  by  the  equations — 


and  hence  that — 


N2  N2 


Wl2"*"%2  — N2 (^"^^^ 


Fischer  confirmed  the  above  relation  both  for  large  and  small 
damping  coefficients.  Experiment  showed,  however,  that  Drude's 
equations  for  the  decrements  S^  and  82  of  these  two  oscillations,  viz. — 

-^        Di  +  Dg^i  -,  _Pi  +  D2W2 

^^^~~"2~    N  ^2"-~   2       N 

where  D^  and  D^  are  the  decrements  of  the  oscillations  in  the  two 
coupled  circuits  when  separate,  is  not  even  true  qualitatively,  as  the 
oscillation  of  greatest  frequency  has  not  always  or  even  generaUy  the 
largest  decrement.    Also  the  actual  decrements  found  are  larger  than 

••  See  C.  Fischer,  "  On  Coupled  Condenser  CircuitB,"  Ann.  der  Phyaikt  vol.  22, 
p.  266, 1907-»  or  Science  Abstracts,  vol.  x.  A,  1907,  06s.  702. 
*»  See  P.  Drude,  Ann,  der  Phyaik,  vol.  18,  p.  628,  1904.    . 
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those  predicted  by  the  theory.  This  has  also  been  noticed  by 
M.  Wien.« 

The  results  of  G.  Fischer's  observations  on  this  matter  are 
delineated  in  Figs.  35  and  36,  where  the  dotted  lines  represent 
the  decrements  of  a  pair  of  coupled  circuits  calculated  by  the 
formuhd  of  Drude,  and  the  firm  lines  the  observed  decrements  for 
various  couplings  Ji,  These  curves  show  the  discrepancy  between 
the  observed  and  calculated  decrements. 

15.  Impact  Exoitatlon. — In  the  application  of  coupled  oscillatory 


o-ao 


0-2S 


oao 


015 


ijfcs^:::: 


O'lO 


0<05 


-^«fe 


o^ 


ramu 


AiSk^ 


■■■»' — * 


P-. 


O-l 


0-2 


k' 


0-3 


O^ 


Fia.  35. ->  Curves  repreeentmg  the  Besults  of  C.  Fisoher's  Comparisons  of  the 
Observed  and  Calculated  Decrements  for  Coupled  Circuits. 


circuits  in  radiotelegraphic  apparatus  there  is  a  disadvantage  in  the 
employment  of  circuits  coupled  so  closely  as  to  produce  a  marked 
reaction  between  them,  principally  because  the  resonance  curve  is 
then  not  sharply  peaked  as  in  ¥\%,  26,  but  flat  topped  or  double 
humped  as  in  Fig.  33.  We  have  already  mentioned  in  Chap.  I., 
f  16,  the  investigations  of  M.  Wien  which  led  to  a  method  of  creating 
in  a  secondary  circuit  feebly  damped  oscillations  of  a  single  frequency 
by  the  impulsive  action  of  a  strongly  damped  or  quenched  oscillation 
in  the  primary  circuit. 

We  have  also  explained  in  §  11  of  thid  chapter  the  manner  in 

♦1  See  M.  Wien,  ••  The  Intensity  of  the  Two  Waves  in  Coupled  Transmitters," 
Scwn^  AMracU,  vol.  ix.  A,  1906,  abs.  2076. 
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which  the  reacidon  of  the  two  circuits  produces  an  effect  equivalent 
to  beatft  in  both  primary  and  secondary  oscillations  when  the  primary 
oscillations  are  allowed  to  continue.  If  then  we  set  up  in  the  primary 
unquenched  oscillations,  we  have  in  both  circuits  trains  of  damped 
oscillations  undergoing  periodic  variations  in  amplitude  as  shown  in 
the  two  upper  curves  in  Fig.  37.  If,  however,  the  primary  spark  or 
oscillation  is  quenched  then  in  the  primary  circuit  we  have  a  few 
very  highly  damped  oscillations  or  perhaps  a  nearly  dead-beat  dis- 
charge. On  the  other  hand  the  resulting  oscillations  set  up  in  the 
secondary  circuit  are  feebly  damped.  Also  owing  to  the  primary 
circuit  becoming  open  almost  at  once  by  the  damping  out  of  the 
spark  there  is  no  reaction  between  the  circuits  and  the  oscillations 
set  up  in  the  secondary  are  merely  its  free  natural  oscillations.     The 


0'2S 


Fia.  36.— GurveB  representing  the  Besults  of  G.  Fischer's  Comparisons  of  the 
Observed  and  Calculated  Decrements  in  Coupled  Circuits. 


secondary  circuit  receives  as  it  were  an  electrical  impulse  or  blow, 
and  vibrates  freely,  and  the  oscillations  are  as  represented  by  the  two 
lower  curves  in  Fig.  37. 

Such  a  discharger  is  called  a  quenched  spark  discharger,  and  the 
method  is  called  impact  excitation  of  the  secondary. 

The  particular  forms  of  dischargers  used  to  secure  this  impact 
excitation  are  described  in  Chap.  VII.  on  Kadiotelegraphic  Apparatus 
in  Part  III.  of  this  book. 

If  the  spark  is  not  immediately  quenched  then  in  the  period  of 
time  during  which  it  lasts  there  is  a  reaction  between  the  circuits 
with  the  resulting  production  of  a  complex  oscillation.  These  facts 
are  well  brought  out  by  taking  a  resonance  curve  for  the  secondary 
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circuit  with  various  degrees  of  coupling  (k)  both  with  impact  and 
ordinary  spark  dischargers.^^ 

The  curves  in  Figs.  38  and  39  show  a  series  of  resonance  curves 
for  the  two  cases  taken  by  the  author  and  Mr.  Dyke  with  a  secondary 
circuit  having  a  small  decrement,  viz.  0*01  per  half-period,  and  with 
degrees  of  coupling  (k)  of  the  circuits  varying  from  3  to  33  per  cent. 

It  will  be  seen  that  in  the  case  of  the  impact  discharger  the 
coupling  can  be  as  close  as  30  per  cent,  before  any  evidence  appears 
of  a  double  hump  of  the  resonance  curve,  showing  that  there  are  then 
oscillations  of  two  periods  in  the  secondary  circuit.  On  the  other 
handf  in  the  case  of  the  ordinary  spark  balls,  the  coupling  can  hardly 
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Fig.  87. — Diagram  showing  the  Electrical  Beats  prodaoed  in  the  Primary  and 
Secondary  Cironits  when  a  sustained  Primarjr  Spark  is  used,  and  the  Single 
Period  Oscillations  in  the  Secondary  Circuit  when  a  Quenched  Spark  is 
employed. 

be  closer  than  10  per  cent,  without  producing  a  reaction  between  the 
two  circuits  sufficient  to  flatten  the  resonance  curve. 

Hence  when  we  desire  to  remove  the  troublesome  complications 
introduced  by  the  reaction  of  the  two  coupled  circtdts  and  obtain 
pure  trains  of  oscillations  of  a  single  frequency  in  the  secondary  we 
must  employ  impact  excitation.  The  theory  of  this  impact  discharger 
is  best  treated  as  follows :  ** — 

Let  the  two  oscillatory  circuits  be  supposed  to  have  in  them 
condensers  of  capacity  C^  and  O2  which  are  leaky  and  have  conduct- 

**  See  J.  A.  Fleming  and  G.  B.  Dyke,  "  Some  Besonance  Curves  taken  with 
Impact  and  Spark-Ball  Dischargers,"  Proc,  Phys.  Soc.,  Lortd.,  vol.  23,  Feb.,  1911, 
p.  186. 

*'  See  "  Some  Oscillograms  of  Condenser  Discharges  and  a  Simple  Theory  of 
Coupled  Oscillatory  Circuits,"  J.  A.  Fleming,  Proc,  Phys.  Soc.,  Lond.^  vol.  25, 
June,  1918,  p.  217. 
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ances  Sj  and  Sj  in  their  dielecttioB.  Also  let  the  inductive  circnitB 
have  reeistanceB  B^  and  Bj  and  induetaocea  L^  and  Lg.  Let  free 
oscillations  be  excited  in  the  primary,  and  let  the  circuitB  react  on 
each  other,  the  matoal  inductance  being  M.  Then  if  theee  oscilla- 
tionB  are  damped  they  can  be  represented  by  the  real  part  of 
ffip+}')t;—^t^  where  p:=2n  times  the  frequency  and  a  is  the 
damping  coefiBcient  =  B/2L  -\-  S/2G.  Hence,  when  the  circuits  are 
in  OBoillation  and  left  to  themaelTeB,  the  cnirents  I^  and  1^  are  deter- 
mined by  the  two  equations — 


Frtqvmey. 

FiQ.  Se.— BeBonuice  Gorvea  tkken  with  ordinu?  tip«rk  Diaohftiger,  and 
v&rioos  Goaplinga  of  Primary  and  Seoondsiy  CiiDuitB. 


|(B, +yp.L.)  +  g-^^^  ji, +;mp,i,  =  0, 


1 


(172) 


yMP,i,  +  j(R,  +yp,L,)  +  s^.p^j  I.  =  0  / 

Writing  TVmi  tor  the  function  Bi+jPiLi  + (Sj +^TiCi)"^  and 
Tim^  loT  the  same  function  for  the  secondary  circuit,  theBO  being 
respectively  the  total  impedances  for  damped  oscillatione,  we  have 
the  equationa — 

r»%Ii+yMP2lj=0,     yMPiIi+2Vmjl2=0    .     (173) 
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Eliminating  I^  and  Ij,  the  determinant — 

Timi,       jMPj 
7V»j, 


=  0 


(174) 


yMP„ 

or  Timi  7'im2  +  M'P^P^  =  0  gives  us  an  equation  determining  the 
frequency  of  the  oscillations  set  up  in  the  circuits. 

Suppose  we  limit  ourselves  to  the  case  of  non-leaky  condensers 
and  consider  the  resistance  of  the  secondary  circuit  to  be  small. 
Then  S^  :=  S2  =  0  and  also  if  R2  =  ^»  w®  h&ye  Pg  =^  =  27m. 

Let  us  denote  the  mutual  inductance  by  M  =  A^^/L^Lj,  where 
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Fio.  89. — Besonance  Curves  taken  with  Impact  Discharger  or  Quenched 
Sparks,  and  various  Couplings  of  Primary  and  Secondary  Circuits. 

k  is  the  coefficient  of  coupling;   then  the  determinant  (174)  re- 
duces to — 

(1  -  p?CiLi  +y  PiCiRi)(i  -  F^^h^  +yP2C2R2 

=  M2Pi2PiCiC2     (175) 

or,  since  Pg  =/?  and  Pi  =;?  +^'^11  and  M2  =  Aj^L^Lj,  we  have  — 

(1  •^p^2h2)ii  -  (p2  -  ai2)CiLi  ^j2a^pG.hj^  +JpG^'Ri  -  aiaRJ 
=kHp^-^a^^)p^^Lfi^L2+jlc^2a^pHy^L^CiL2.     .     .     (175) 
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Eqaaidng  real  parts  of  the  above  equation  and  remembering  that 
Oi  =  Bj/^^i'  ^^  ^^^  ^^  ^^^®  ^^  substitution  that 

1  _  ^2(0iLi  +  C2L2)  +  p^{l  -  A:2)a  L1C2L2 

=  ai2(CiLi~A;2232CiLiC2L2-;?2GiLiC2L2)     .     (176) 

■ 

If  we  assume  the  circuits  are  tuned,  or  that  CiLj  =  C2L2  =  CL, 
then  equation  (176)  reduces  to — 

( »20L(1  -  A;)  —  1)(  /?20L(1  +  Ar)  -  1) 

-  ai2CL(l  -  (1  +  *2)^72CL)  =  0      .     (177) 

Suppose,  then,  that  a^  is  very  small,  or  that  the  damping  in 
the  primary  is  neghgible,  the  equation  (177)  is  seen  to  be  satis- 
fied by — 

and  there  are,  therefore,  oscillations  of  two  frequencies  given  by  the 
above  well-known  formulas.  If,  however,  a^  is  very  large,  or  the 
primary  current  rapidly  quenched  by  increasing  the  resistance  B^  to 
infinity,  then  the  poupling  becomes  zero  when  the  primary  circuit  is 
open,  and  we  have  only  one  oscillation,  which  is  the  free  oscillation 
of  the  secondary  circuit.  For  intermediate  values  of  a  there  will  be 
three  frequencies  present.  The  resonance  curve  will  then  exhibit 
three  humps  as  shown  in  the  lower  curves  in  Fig.  38. 


PART    II.— ELECTRIC  WAVES 

CHAPTER  IV 

STAT10NAB,Y  ELECTBIC  WAVES  ON  WIRES 

1.  The  Propagation  of  Electrio  Potential  and  Current  along  a 
Conductor  of  Infinite  Length. — Let  us  consider  the  case  of  a  con- 
ductor infinitely  long,  consisting  of  a  wire  embedded  in  an  insulator. 
Let  the  resistance,  inductance,  and  capacity  per  unit  of  length  of 
this  wire  be  denoted  by  E,  L,  and  C.  Let  the  conductance  of  the 
insulator  per  unit  of  length  of  the  wire  be  denoted  by  S. 

Then  if  a  periodic  electromotive  force  is  applied  to  some  point  in 
this  circuit  a  current  will  be  created  in  it. 

Let  the  point  of  application  of  the  electromotive  force  be  taken  as 
origin,  and  measure  any  distance  x  from  it  along  the  circuit.  Oonsider 
an  element  of  the  conductor  whose  length  is  Sx  =  {x -{- 8x)  —  x  situated 
at  this  distance  x  from  the  origin. 

Also  at  tbe  point  whose  abscissa  is  x  let  the  current  in  the  con- 
ductor be  denoted  by  t  and  the  potential  by  v. 

J* 

At  the  distance  x-i-Sx  the  current  will  be  i-f-   -8x,  and  the 

uX 

potential  v-j-  -  8x. 

The  resistance,  inductance,  capacity,  and  dielectric  conductance  of 
the  length  &;  of  the  conductor  are  B&r,  L&c,  C&r,  S&r,  respectively. 
Hence  the  equations  connecting  v  and  i  are  obviously — 

If  both  t  and  v  vary  in  a  simple  harmonic  msinner,  so  that  they 
are  proportional  to  the  real  part  or  horizontal  step  of  ^P^,  and  if  / 
and  V  are  the  maximum  values  of  the  current  and  potential  during 
the  period,  then  whatever  lines  be  taken  to  represent  /  and  Y,  tbe 

m^x^rnnm  valucs  of  ,,  and  -     will  be  represented  by  lines  equal  to 

at         ax 

pi  and  ^V  respectively,  drawn  at  right  angles  to  /  and  V,  where 

p,  as  usual,  denotes  2im. 

Hence,  if  we  consider  only  maximum  values  of  the  periodic 

z 
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fanctions  and  represent  the  vectors  denolkig  them  by  complex  quan- 
tities, we  can  write  the  equations  (1)  and  (2)  as  vector  equations, 
as  follows : — 

or  -^  =  (R+ipL)/ (3) 

-g  =  (8+>C)V.    .....      (4) 

Separating  the  variables  in  (3)  and  (4)  by  differentiation,  we  have — 

g  =  (R +;>L)(S +^)V     ....      (6) 

^=(R+>L)(S+jpC)/      ....      (6) 
or,  writing  P  for  VR  +ipL  .  VS  +  jjpC,  we  obtain — 

The  solutions  of  the  above  equations  (7)  and  (8)  are — 

V=fl€+^*  +  Jc"^* (9) 

where  a  and  h  are  constants  of  integration. 

The  quantity  P  is  a  complex  quantity,  and  can  be  represented  in 
the  typical  form  a  +  j)5. 

Hence    VR  +^Ll^  VS  +jpQ  =  a  -\-j^  .     .     .     .    (11) 
and  therefore    a^  + p^=^^/W+pn^  ,y/^^+p^Q^    .     .     (12) 
also    a2  —  j32  =  RS  —  p^jG 

Accordingly — 

2a2  =  V(B2  +jt?2L2)(82  +  /?2C2)  +  (RS  —  ;?2LC)    .     (13) 
2j32  =  VCR2  4-  jt?2L2)(S2  +;?2C2)  -.  (RS  —  p^ljQ)    .    (14) 


STATIONARY  ELEOTRIO   WAVES  ON   WIRES  389 

The  quantity  a  is  called  the  attenuation  constant  of  the  cable,  and 
j3  is  the  wavB'lenffth  constant.  They  can  be  calculated  when  we  know 
the  primary  constants,  R,  L,  0,  S  and  ». 

Next  let  us  suppose  the  cable  to  be  of  infinite  length  in  one 
direction,  and  that  the  impressed  electromotive  force  is  placed  at  the 
origin  or  accessible  end.  Let  it  be  of  simple  harmonic  form  and 
maximum  value  E. 

Then  obviously  there  will  be  a  gradual  decrease  in  the  magnitude 
of  the  maximum  potential  and  current  along  the  cable,  since  these 
quantities  must  be  zero  at  the  infinitely  distant  end. 

Under  these  conditions,  we  then  note  that  when  x  =  0,Y  z='E, 
and  when  x  =qo  ,  V  =  0.  It  follows,  therefore,  that  a  =  0  and  b  =  B, 
Hence  the  solutions  (9)  and  (10)  when  applied  to  the  above  case 
become  transformed  into — 

V  =  B€-P^ (15) 

— -^^ '-' 

The  quantity  y/R  ■j-jvL/'^W+jvG  is  caDed  the  line  characisristic 
or  lim  impedance,  and  is  denoted  by  tne  symbol  Zq. 

These  equations  give  us  the  vector  values  of  the  potential  and 
current  at  any  point  in  the  cable  at  a  distance  x  from  the  origin  at 
which  a  simple  periodic  electromotive  force  of  maximimi  value  E  is 
apphed. 

Since  P  =  o+j)8  and  c-;^==  cos  jfe—y  sin  jftr    .    (17) 

we  can  write  (15)  and  (16)  in  the  form — 

V  =  E€^«*(cosj1b— ysin  j5aj) (18) 

/=E;^|^f2c-«^(cosj5aj-y8ini3ar).     .     (19) 

The  reader  should  note  that  the  above  expressions  are  complex 
quantities,  and  represent  V  and  /  considered  as  vectors. 

If  we  require  the  mere  magnitude  or  size  of  V  and  /,  that  is,  the 
numerical  values  of  the  maximum  potential  and  current  at  the  point  x 
in  the  cable,  we  have  to  put  these  equations  (18)  and  (19)  into  the 
form  A  +/B,'and  then  find  the  value  of  the  modulus  y^A*  -f  B2  which 
expresses  the  magnitude  in  a  scalar  sense. 

The  reader  should  also  notice  the  physical  signification  of  the 
equation  (18).  It  denotes  that  the  maximum  value  V  of  the  potential 
at  any  point  in  the  cable  is  less  than  the  maximum  value  of  the 
impressed  electromotive  force  E  in  the  ratio  1 :  c''^,  and  also  that  V 
is  shifted  backwards  in  phase  relatively  to  E  by  an  angle  fix. 

The  factor  e~^  is  called  the  attemuttion  factor,  and  the  factor 
{qo&Bx  — j  sin  Px)  is  the  phase  factor  for  the  distance  x. 

When  we  know  a  and  B  we  can  always  graphically  delineate  the 
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attenuation  and  phase  difference.  Hence  as  we  proceed  along  the 
cable  the  maximum  potential  varies  from  point  to  point  in  accordance 
with  the  law  of  a  damped  oscillation.  These  facts  may  be  presented 
graphically  as  follows : — 

Take  a  line  OX  (see  Fig.  1)  to  indicate  the  cable,  and  set  up  a 
perpendicular  OE  to  represent  in  magnitude  and  direction  the 
maximum  value  of  the  electromotive  force  at  the  generator  end. 
Then  at  equidistant  points  draw  other  lines  decreasing  in  length  in 
geometrical  progression,  and  each  shifted  backwards  or  forwards  in 
direction  relatively  to  the  preceding  line  by  an  equal  angle.  If  we 
suppose  these  lines  to  revolve  with  equal  angular  velocities  round 
their  ends  as  centres  situated  at  equidistant  intervals  on  the  line  OX ; 
then  their  projections  at  the  same  instant  on  vertical  hues  drawn 
through  their  centres  will  represent  at  that  instant  the  actual  voltage 


.--■ 


Fia.  1. — Delineation  of  a  Curve  representing  the  Variation  of  Maximum  Potential 
alon^  an  Infinite  Cable  having  a  Simple  Periodic  Electromotive  Force 
applied  at  one  End,  O. 


at  these  points  in  the  cable.  The  periodic  change  with  time  and 
distance  may  be  represented  by  a  working  model  made  in  the  follow- 
ing manner :  On  a  long  steel  axle,  AA,  are  fastened  a  number  of 
eccentric  pulleys,  E^,  Eg,  Ej,  ete.  (see  Rg.  2).  The  eccentricities  of 
these  wheels  decrease  in  geometric  progression,  and  each  eccentric  is 
set  in  phase  backward  behind  its  preceding  neighbour  by  an  equal 
angle.  These  wheels  are  embraced  by  endless  cords,  C^,  Gg,  C3,  ete., 
of  equal  length  attached  to  balls  or  blocks  of  metal,  P^,  Pgf  Ps,  ete., 
shding  on  vertical  rods,  B^,  H^t  ^si  ^^^t  placed  below  each  eccentric 
wheel.  / 

When  the  axle  carrying  all  the  eccentrics  is  revolved  by  a  handle, 
W,  the  blocks  P^,  Pg,  P3,  etc.,  will  rise  and  fall  with  a  nearly  simple 
harmonic  motion,  and  at  any  instant  all  the  blocks  will  be  situated  on 
a  sinuous  curve  of  continually  decreasing  amphtude.  As  the  eccentric 
axle  revolves  the  motion  of  the  balls  will  depict  the  progression  of  a 
wave  pi  potential  along  a  cable  having  capacity,  inductance,  resistance, 
and  leakance. 
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The  equations  (18)  and  (]9)  contain  within  them  the  explanation 
of  the  limitations  of  telephony,  bat  we  are  not  here  concerned  to 
discuss  them  generally.  On  this  part  of  the  subject  the  reader  may 
be  referred  to  a  special  treatise  by  the  Author  on  "  The  Propagation 
of  Electric  Currents  in  Telephone  and  Telegraph  Conductors" 
(Constable  &  Co.,  London). 

Since  we  are  limiting  our  discussion  to  the  effects  of  high  frequency 
currents,  we  can  reduce  the  complexity  of  the  above  expressions  to  a 
considerable  degree.  In  cases  where  p  is  large  the  term  ph  in 
equations  (13)  and  (14)  is  always  much  greater  numerically  than  E, 
and  likewise  the  numerical  value  of  ^C  is  greater  than  that  of  S. 


Elevation. 


Section, 


Fig.  2.— a  Model  illustrating  the  Propagation  of  an  Alternating  Current  along  a 
Cable  of  Infinite  Length  having  a  Simple  Periodic  Electromotive  Foroe 
applied  at  one  £nd. 

Accordingly,  if  we  neglect  B  and  S  in  comparison  with  pL  and  pG, 
the  equations  (13)  and  (14)  for  a  and  j3  reduce  to — 


2a2  =  RS      .     .     . 
2j32  =  2j^JjG  -  RS 
Therefore    p^^a^^p^LG      .     . 


(20) 
(21) 
(22) 


In  all  cases  likely  to  be  met  with  in  practice,  BS  is  very  small 
compared  with  p^hG,  Hence  for  high  frequency  oscillations  it  is 
sufficient  to  take — 


P  =  pVhG 


(23) 
(24) 


Since  cos  (fix  +  27r)  =  cos  ^x,  it  follows  that  cos  ^x  =  cos  /Sf  «+  -^  j, 

and  therefore  after  moving  along  the  conductor  a  distance  -^   the 

P 
current  and  potential  again  repeat  themselves  in  value,  or  the  wave 
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length  of  both  the  current  and  potential  curves  is  equal  to  -^ .   Hence, 

since  in  all  oases  of  wave  motion  the  wave  velocity  W  is  connected 
with  the  frequency  n  and  the  wave  length  A*  by  the  equation — 

W  =  nA (25) 

and  since  A  =  ^  and  j5  =/?V'CL,  it  follows  that — 

^=701: ^''^ 

or  the  wave  velocity  is  inversely  as  the  oscillation  constant  of  the 
cable  per  unit  of  length. 

In  those  cases  in  which  the  insulation  of  the  surrounding  di- 
electric is  so  high  that  S  =  0,  and  if  ph  is  large  compared  with  B, 
the  vector  equations  (18)  and  (19)  for  the  potential  and  current  at 
any  point  in  the  wire  at  a  distance  x  from  the  origin  reduce  to — 

V  =  E(cos^a:-ysin^a;)    ....    (27) 

/  •=  B  -y^l  cos  Y^  —J  sm  -X-  a; )  •    •     •    (28) 

We  see,  therefore,  that  in  such  a  case  the  current  in  the  wire  at 
any  point  is  determined  solely  by  the  capacity  and  inductance  per 
unit  of  length  of  the  wire,  and,  moreover,  that  on  account  of  the  shift 
of  phase,  the  current  is  not  even  in  the  same  direction  at  the  same 
time  at  all  points  in  the  conductor. 

At  two  places  not  very  far  apart,  electricity  may  be  Howing  in 
opposite  directions  at  the  same  moment.  Also,  owing  to  the  periodic 
character  of  the  expressions,  the  same  values  of  Y  and  /  repeat 
themselves  cyclically  as  x  continually  increases. 

The  expressions  (27)  and  (28)  are  vector  expressions  in  the 
form  a  -{-jb.  To  obtajn  the  numerical  values  for  the  potential  and 
current  at  any  point  in  the  cable,  we  have  to  find  the  size  of  these 

vectors,  viz.  the  value  of  Va^  -{-  b^,  and  to  obtain  the  actual  potential 
at  any  moment  we  have  to  take  the  real  part  or  horizontal  step  of  the 
vector,  viz.  a. 

Accordingly,  the  [potential  v  at  any  distance  along  the  cable  x  from 
the  origin  is  given  by  the  equation — 

2'ir 
v  =  Ecos~^x (29) 

and  similarly  the  current  i  by — 

^VG        27r  ,^^. 
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• 

As  we  proceed  along  the  cable,  therefore,  the  current  and  potential 
are  diBtributed  at  any  moment  in  accordance  with  the  ordmates  of 
a  simple  sine  curve.     These  waves  of  potential  and  current  move 

along  the  cable  from  the  generating  end  with  a  speed  equal  to  -^= — 
2.  Stationary  Eleotric  WaYes  on  Wires  of  Finite  Length.— 

We  have  next  to  consider  the  changes  made  in  the  above  expressions 
for  the  potential  and  current  in  the  linear  conductor  when  it  is  of 
finite  length. 

Consider  first  a  wire  infinitely  extended  in  both  directions.  At 
two  places  separated  by  a  distance  21  let  two  simple  harmonic  electro- 
motive forces  of  opposite  sign  and  of  maximum  value  -{-"E  and  —  E, 
that  is,  differing  in  phase  by  180^,  be  applied.  Then  in  the  space 
between  one  of  these  sources  and  the  point  halfway  between  the 
two  sources  it  is  clear  that  the  current  must  be  distributed  exactly 
as  is  the  case  in  a  finite  wire  of  length  I  with  one  simple  harmonic 
electromotive  force  of  maximum  value  E  placed  at  one  end  (see 
Kg.  3). 

4 »C V 


Fig.  3.^«Two  Sources  of  Alternating  Eleotromotive  Foroe  in  Opposite  Phases 

placed  in  an  Infinite  Oable. 

For  it  is  clear  that  in  a  terminated  or  finite  cable  the  current  must 
always  be  zero  at  the  end  opposite  to  that  at  which  the  electromotive 
force  is  applied.  Also  in  the  case  of  the  two  opposite  electromotive 
forces  applied  at  a  distance  2/  in  the  infinite  cable  it  is  obvious  that 
the  current  at  the  midpoint  must  always  be  zero.  Again,  we  may  cut 
away  all  that  part  of  the  infinite  cable  to  the  right  or  the  left  beyond 
the  points  of  application  of  the  electromotive  forces  without  affecting 
the  distribution  of  current  in  the  length  left  behind.  Hence  in  a 
piece  of  cable  of  finite  length  I  having  an  electromotive  force  E 
applied  at  one  end  the  distribution  of  current  must  be  the  same, 
point  for  point,  as  it  is  in  that  part  of  an  infinite  cable  which  con- 
stitutes the  half  of  the  intercept  between  the  points  of  application 
of  the  two  opposite  electromotive  forces  -j-Eand — E  separated  by  a 
distance  2/. 

We  have  seen  that  in  an  infinite  cable  the  current  /^  at  a  distance 
X  from  the  source  E,  is  given  by  the  equation — 

r  ^ p.yS+>G      p^ 

Hence,  at  a  distanoe  22  —  x  from  a  source  —  E,  the  current  I^ 
most,  be — 


\d 
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Now  consider  the  infinite  cable  with  the  two  sources  -\-'E  and  — £ 
at  a  distance  2L  At  a  point  lying  to  the  right  of  -f*^  &i^d  at  a  distance 
X  the  current  /  due  to  both  sources  must  be  the  algebraic  sum  of 
those  due  to  both  separately,  or  must  be  expressed  by — 

/  =  E->^^^Sc-P^-c-P(2Z-x)\.    .    .    (31) 

This,  therefore,  must  be  the  expression  for  the  current  in  a  finite 
conductor  of  length  I  having  an  electromotive  force  E  applied  at  one 
end,  the  equation  (31)  giving  us  the  current  at  a  point  at  a  distance  x 
from  the  source  of  electromotive  force  E. 

To  obtain  the  potential  V  we  must  refer  to  the  equation  (4),  §  1, 
and  note  that  /  and  V  are  connected  by  the  relation — 

^=-(S+^>0)V       ......    (32) 

Hence,  differentiating  (31)  and  recollecting  that — 

IP  =  ^/~S~+^G  Wii +jpL     ....    (33) 
we  have— 

V  =  E{€-P*+c"P(2^-*)}       ....     (34) 

Therefore  we  see  that  the  current  in  the  finite  cable  of  length  I  with 
harmonic  electromotive  force  E  applied  at  one  end  is  obtained  by 
taking  the  difference  of  two  currents,  one  due  to  a  source  -|-  E  at  the 
origin,  and  the  other  to  an  electrical  image  of  this  source  ^viz.  +  E) 
placed  in  imagination  as  much  beyond  the  far  end  of  the  caole  as  the 
real  source  is  from  it. 

Also  the  potential  at  any  point  is  obtained  by  taking  the  sum  of 
the  potentials  separately  of  the  real  source  and  an  image  of  the 
source  reflected  in  the  far  end  of  the  cable. 

If  we  consider  that  S  may  be  neglected  in  comparison  with  pC, 
and  also  B  in  comparison  with  ph^  as  we  may  do,  when  dealing  with 
electrical  oscillations  in  ordinary  wires,  then  we  have  the  two  follow- 
ing vector  expressions  for  the  potential  V  and  current  /  at  any  dis- 
tance X  from  one  end  of  a  finite  wire  of  length  Z,  a  simple  periodic 
electromotive  force  E  being  applied  at  the  origin,  viz. — 

V  =  E(€-^«'  +  c-^(2^-*)}       .....     (35) 

/=E^^{c-P^-€-P(2«-«)}     ....    (36) 

But  under  the  above  conditions,  when  S  and  B  are  negligible 
compared  respectively  with ^0  and  jyL,  we  have  seen  that  a  =  v^BS 
and  j9  =  ;?VLC.  If  S  =  0,  then  a  =  0,  and  the  attenuation  is  zero. 
This  takes  place  when  the  conductivity  of  the  dielectric  is  zero. 
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Under  these  conditioiis  we  have  P  =jP  =jp\^Gh,  and  the  equations 
(35)  and  (36)  may  be  written  in  the  form — 

V  =  E{€-i^  +  €-i^(2^-«^))       ....     (37) 
/=B'^^{c-i^«^-€"i^(2'-*)}     .    .    .    (38) 


or- 


V  =  B [{cos  px  +  cos  j3(2/  —  x)]  —  jjsin  px  +  sin  j3(2/  +  x))\    (39) 

/  =  E^[{co8  px  -  cos  j3(2Z  -  x))  — yjsin  fix  -  sin  j3(2/  -  x)]\  (40) 

The  above  are  vector  expressions  of  the  form  A  -\-jB.  To  obtain 
the  scalar  values  or  size,  we  must  form  the  expressions  equivalent  to 
V^A^  -|-  B2,  and  we  then  have — 

(V)  =  (E)\/2  +  2  cos  2p(l  -^) (41) 

(/)  =  (E)^- .V2  -  2  cos  2j5(Z  -  «)     .     .     .     (42) 

where  (V),  (E),  and  (/)  stand  for  the  scalar  values  of  the  vectors  V, 
E,  and  /  respectively. 

In  the  above  equations,  if  we  put  aj  =  Z,  we  have — 

(V)  =  2(B) 
(/)  =  0 

which  shows  that  at  the  free  end  of  the  wire  the  potential  rises  to 
twice  the  value  at  the  generator  end,  whilst  the  current,  of  course, 
is  zero. 

Bearing  in  mind  that  under  the  conditions  assumed  j3  :=  ;?\/CL, 

and  also  the  velocity  of  propagation  of  the  wave  is  W  =   7=,  and 

that  W  =nA  where  A  is  the  wave  length,  we  have  as  a  consequence 
j3  =  y .    Also  let  the  length  I  of  the  conductor  be  some  multiple  of  A, 

so  that  I  =  wiA. 

Then  substituting  these  values  in  equations  (41)  and  (42)  and 
squaring,  w6  have — 

47r. 


(V)2  =  (E)2(^2  +  2  cos -£(?  -  «))    .    .    .    (43) 
(/)2  =  (E)2?(2-2cos^(/-a;)).     .    .     (44) 


These  equations  give  us  the  numerical  value  of  the  maximum 
potential  and  current  during  the  phase  at  any  point  in  the  cable. 
We  will  apply  them  to  certain  instances.    Let  the  length  of  the 
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cable  be  one-quarter  of  a  wave  length,  then  when  x  =  l  =  j  we  have 

(V)  =  2(E)  and  (/)=0.     Also  when  a;  =  0  we  have  (V)  =  0  and 

/=2(E)-y^.    Accordingly,  in  this  case  there  is  a  steady  increase 

of  potential  and  decrease  of  current  all  the  way  from  the  origin  to 
the  open  or  free  end  of  the  cable.  The  distribution  of  potential  may 
be  represented  by  the  ordinates  of  the  dotted  line  in  Fig.  4,  where 


5- i\- 


Fig.  4. — Disfcribution  of  Potential  along  a  Finite  Cable  having  a  Simple  Periodic 

E.M.F.  placed  at  E  (FundamenUU  OaciUatum), 

the  thick  black  line  represents  the  cable,  E  being  the  end  at  which 

the  electromotive  force  is  applied  and  O  the  free  or  insulated  end 

of  the  cable. 

3A 
Again,  suppose  we  take  the  length  of  the  cable  equal  to  — .    Then 

A         A         3A 
at  the  distances  aj=0,«=j,a?=^,a;  =  -j-,  we  have  (V)  =  0,(V)=2(E), 

(V)  =  0,  (V)  =  2(E). 

There  are,  therefore,  loops  and  nodes  of  potential,  and  similarly 
loops  and  nodes  of  current.  The  current,  however,  is  a  maximum  at 
those  points  at  which  the  potential  is  zero,  and  vice  vemd. 

The  distribution  of  potential  may  be  represented  by  the  ordinates 
of  the  dotted  line  in  Fig.  5. 


**.  ^' 
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Fia.  5. — Distribution  of  Potential  along  a  Finite  Cable  having  a  Simple  Periodic 

E.M.F.  placed  at  E  (First  Harmonic  OscUlaUon). 

In  the  same  manner,  if  we  take  /  =  -A  and  examine  the  distribu- 

4 

tion  of  potential,  we  always  find  it  to  be  a  maximum  at  the  free  end 
O,  whilst  at  that  point  the  current  is  zero.     Also  the  potential  is  a 

maximum  at  a  distance  —  from  the  free  end,  and  there  are  loops  and 

d 

nodes  of  potential  separated  by  distances  -,  as  shown  by  the  ordinates 

of  the  dotted  line  in  Fig.  6. 

If,  then,  the  wire  or  conductor  has  a  length  which  is  any  exact 
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multiple  of  one-quarter  of  a  wave  length,  so  that  I  =  M^^  where  M  is 

M  + 1 
any  integer  number,  then  it  is  easy  to  show  that  there  will  be  —  J^— 

loops  of  potential  and  the  same  number  of  nodes,  including  those  at 
the  beginning  and  end  of  the  wire.  Thus  if  M  =  1  there  is  one  loop 
at  the  free  end  and  one  node  at  the  generator  end ;  if  M  =  3  there 
are  two  loops  and  two  nodes,  and  so  on. 

It  is  clear,  therefore,  that  if  a  conductor  has  a  length  equal  to 
some  exact  integer  multiple  of  the  quarter  wave  length  of  any 
harmonic  electric  oscillation,  and  if  a  simple  periodic  or  sinoidal 
electromotive  force  having  the  corresponding  frequency  is  applied  at 
one  end,  we  have  stationary  electric  waves  of  potential  and  current  set 
up  on  the  wire,  that  is,  a  distribution  of  potential  and  current  varying 
from  point  to  point  along  the  wire  in  accordance  with  the  ordinates  of 
a  sine  curve. 

We  may,  if  we  please,  consider  that  this  is  due  to  the  interference 
of  waves  reflected  at  the  open  end  of  the  wire  with  those  which  are 

travelling  up  the  wire  with  a  velocity  —/^^  from  the  source. 

^ i^uL^ :^ 

< Ja ► 

Fig.  6.— Distribution  of  Potential  along  a  Finite  Gable,  OE,  having  a  Simply 
Periodic  E.M.F.  placed  at  £  {Second  Harmonie  OsciUaUon), 

There  is  a  perfect  analogy  between  this  electrical  phenomenon 
and  the  stationary  aerial  waves  produced  in  stopped  organ  pipes,  the 
stopped  end  corresponding  to  the  insulated  end  of  the  wire.  Electric 
potential  corresponds,  then,  to  air  pressure,  and  electric  current  to 
velocity  of  the  air  particles. 

We  may  refer  the  reader  to  any  good  treatise  on  acoustics  for  a 
full  description  of  the  mode  of  production  of  these  stationary  air  waves 
in  open  or  closed  pipes,  and  a  knowledge  of  these  acoustic  effects  is  of 
assistance  in  comprehending  the  corresponding  electrical  phenomena. 
Otherwise  we  may  compare  the  electric  vibrations  set  up  on  wires  or 
helices  with  the  stationary  waves  produced  in  stretched  cords  when 
put  in  transverse  vibration. 

8.  Effect  of  Damping  upon  the  Stationary  WaYes  on  Wires. — 
If  we  do  not  neglect  the  damping  or  attenuation  of  the  waves  propa- 
gated along  the  finite  wire,  the  expressions  for  the  current  and  poten- 
tial at  any  point  become  a  little  more  complicated,  but  are  easily 
obtained.  Referring  to  equations  (34)  and  (31)  for  the  potential  and 
current  at  any  point  in  the  insulated  wire,  we  have — 

V  =  E{c-P^  +  c-P(2Z-«)J (45) 

.   I^Ey^MU'^^-€-m--)]  .    .     .     (46) 
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If  we  put  P  =  o  +jP,  we  then  have — 

V  =  e[{c-«^  cos  )fo  +  c-«(2^-*)  cos  p{2l  —  x)\ 

-y{c-«^  sin  jfe  +  c-«(2Z-a:)  ^^  p^2l  -  x)]] 

This  is  a  vector  equation  in  the  form  V  =  A  -{-jB, 

If  we  scalarize  or  find  the  size  of  the  vector,  we  have — 

(V)  ==  \/A2  +  B^;  or  by  substitution 

{y)==(Ei)V€^^^'^^(^-~W+~2e^^  .    (47) 

The  above  equation  may  be  written — 

(V)  =  (E)c-««v'r  +  c-Mi-^_|: 2€-2«(r-x)  cos  2j3(i  -~x)    (48) 

If  a;  =  ;,  we  have  (V)  =  2(E)c-«^. 

In  the  same  way,  if  we  take  the  expression  for  /  in  (46)  and 
write  it  out,  we  have — 

/=  E-^|+:^[{c-^  cos  ^x  -  c-«(2i-*)  cos  p(2l  -  x)} 
— y{€-«*  sin  px  -  €-«(2^-*)  sin  J3(2Z  —  x)}] 

This  is  a  vector  expression  of  the  form     .        .  (e  -\-jf),  and  hence, 

by  the  rule  given  on  p.  297  for  obtaining  the  size  of  such  a  vector, 
we  have — 

(/)  =  (E)(|*  ±^)Ve-"2«r:j:  e-2«(2i-x)  _  2c-2«^  cos  2j3(i  -  x) 

(49) 

Itx  =  l,  we  have  (/)  =  0. 

We  may  also  write  equations  (48)  and  (49)  in  the  form — 

(V)2  =  (E)2e-2«*{l  +  €-*«('-*)  4-  2c-2«('-^)  cos  2j3(Z  -  x)}    (50) 

(7)2  =  (E)2^i±^^€-2<«'{l+e-Mi-»')-2c-2«(i-«)cos2/S(i-^)} 

^  (61) 

In  each  of  these  expressions  for  the  potential  and  current  in  the 
conductor  at  any  point  x,  the  quantity  in  the  bracket  consists  of  an 
exponential  part  which  varies  steadily  with  x,  and  a  periodic  or  cosine 
term  which  varies  periodically.  This  last  term  is  more  pronounced  in 
its  effect  in  proportion  as  j3  is  large  and  a  small.  Hence,  if  we  make 
the  resistance  of  the  cable  per  unit  of  length  small  and  the  inductance 
large,  also  if  we  increase  the  capacity  and  reduce  the  leakage  per  unit 
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of  length  as  much  as  possible,  we  shall  get  more  marked  loops  and 
nodes  than  if  the  inductance  is  small. 

An  important  consequence  follows  from  this.  We  can  by  coiling 
the  wire  into  a  spiral  of  a  single  layer  of  ¥m:e  in  closely  adjacent 
turns  increase  the  inductance  per  unit  length  of  the  spiral.  The 
spiral  wire  acts  like  a  linear  conductor  of  abnormally  large  inductance, 
and  hence  the  spiralization  promotes  the  formation  of  marked  loops 
and  nodes. 

Accordingly,  the  effect  of  large  wire  resistance  or  large  insulation 
conductance  per  unit  of  length  of  the  conductor  is  to  damp  out  all 
evidence  of  loops  and  nodes  or  stationary  waves,  on  the  wires.  On 
the  other  hand,  the  effect  of  a  large  inductance  and  capacity  per  unit 
of  length  of  the  conductor  is  to  render  more  evident  the  phenomena 
of  stationary  electric  waves. 

i.  Experimental  Ppodaotion  of  Stationary  Electric  WaYes 
upon  Spiral  Wires. — ^The  above  theoretical  investigation  can  be 
tested  and  beautifully  illustrated  by  means  of  experiments  carried  out 
with  insulated  wire  helices  on  which  stationary  electric  waves  may 
be  formed. 

If  we  wind  on  a  non-conducting  rod  a  helix  of  insulated  wire  in 
one  single  layer  of  closely  adjacent  turns,  we  have  a  conductor  which 
may  be  regarded  as  a  cylindrical  conductor  having  a  certain  capacity, 
inductance,  resistance,  and  insulation  per  unit  of  length. 

The  length  of  the  conductor  is  the  length  of  the  spiral,  not  the 
length  of  the  wire  forming  it,  and  by  capacity  and  inductance  per 
unit  length  of  the  spiral  is  meant  the  whole  capacity  or  inductance 
as  it  stands  divided  by  the  length  of  the  spiral. 

We  have  already  seen  that  the  inductance  of  a  spiral  of  this  kind 
can  be  nearly  predetermined,  if  the  ratio  of  length  to  diameter  is  large, 
by  the  formula — 

where  /  is  the  length,  D  the  diameter,  and  N  the  total  number  of 
turns  on  the  spiral.  Hence  the  inductance  per  unit  of  length  is  equal 
to  (irDN')2,  where  N'  is  the  number  of  turns  per  unit  of  length  of  the 
spiral.  Since  the  length  of  wire  wound  on  one  unit  of  length  of  the 
spiral  is  irDN',  we  have  the  rule  that  the  inductance  of  such  a  spiral 
per  unit  of  length  is  numerically  equal  to  the  square  of  the  length  in 
centimetres  of  the  wire  wound  on  per  unit  of  length  of  the  helix.  We 
can  therefore  make  it  large  by  employing  a  fine  wire.  Again,  the 
capacity  of  such  a  hehx  is  not  much  different  from  that  of  a  metallic 
cylinder  of  the  same  external  dimensions,  and  therefore  not  much 
affected  by  the  size  of  the  wire  used.  We  can  therefore  increase  the 
inductance  per  unit  of  length  (L)  without  increasing  the  capacity  per 
unit  of  length.  Also,  we  can  keep  down  the  resistance  per  unit  of 
length  by  using  a  wire  of  high  conductivity,  and  we  can  make  the 
insulation  high  by  covering  it  with  silk  and  winding  the  wire  on  an 
ebonite  tube.    By  these  means  we  can  make  a  conductor  of  linear 

form,  for  which  the  constant  a  =/y/  ~^~  is  small  compared   with 
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^=VCL,  and  therefore,  as  above  explained,  the  nodes  and  loops 
will  be  sharply  marked  when  stationary  electric  waves  are  formed 
upon  it. 

For  this  purpose  a  helix  of  insulated  wire  of  the  following  dimen- 
sions is  convenient : — 

On  an  ebonite  rod  or  thick  tube  215  cms.  long  and  4*75  cms.  in 
diameter  and  circular  section  is  wound  a  hehx  of  silk-covered  copper 
wire,  consisting  of  5465  closely  adjacent  turns  in  one  layer. 

This  helix  of  wire  is  210  cms.  in  length,  and  each  turn  has  a  mean 
diameter  of  4*78  cms.  Hence  the  total  inductance  is  32*07  X  10®  cms., 
and  the  inductance  per  centimetre  of  length  of  the  helix  is  1*527  X 
10^  cms.  If  this  helix  is  placed  in  a  horizontal  position  at  a  height 
of  50  cms.  or  so  above  a  table  supported  on  insulating  stands,  we  can 
measure  its  capacity  with  respect  to  the  earth,  and  for  the  helix  above 
described  it  is  found  to  be  45  micro-mfds.^  Hence  the  capacity  per 
unit  of  length  C  is  ^  micro-mfd. 

An  electric  wave,  therefore,   travels   along  this   spiral   with  a 

velocity  of  -y^^^^,  which  in  this  case  is  174*8  X  10*  cms.  per  second. 

This  velocity  is  about  y^th  part  of  the  velocity  of  Hght. 

Hertz  has  described  an  experiment  in  which  he  established 
stationary  electric  waves  on  a  spiral  wire  and  compared  the  inter- 
nodal  distances  with  those  which  would  be  formed  if  the  wire  were 
stretched  out  straight,  and  he  found  that  in  the  former  case  the 
velocity  of  the  wave  was  much  less  than  that  of  light.2 

H.  C.  Pocklington  has  treated  the  matter  theoretically,  and  he  also 
shows  that  the  velocity  of  the  electric  wave  along  a  spiral  is  less  than 
its  velocity  along  the  same  wire  stretched  out  straight.  From  the 
theory  given  above  it  is  clear  that  this  is  due  to  the  greatly  increased 
inductance  per  imit  of  length  of  the  spiral  as  compared  with  the 
simple  linear  wire.^ 

We  can  then  proceed  to  set  up  stationary  electric  oscillations  on 
the  above-described  spiral  wire  as  follows :  A  condenser  of  variable 
capacity  and  a  variable  inductance  are  joined  in  series  with  each 
other  and  with  a  spark  gap.  For  this  purpose  a  condenser  made  as 
follows  is  convenient.  Eectangular  pieces  of  good  sheet  ebonite 
20  X  22*5  cms.  and  3  mm.  in  thickness  are  coated  on  both  sides 
with  tinfoil,  the  area  of  each  tinfoil  sheet  being  15  X  17*5  cms. 
Twenty-four  of  these  plates  are  prepared  and  grouped  in  six  sections, 
each  of  four  plates.  The  tinfoil  sheets  have  tinfoil  lugs  attached  to 
them,  and  in  each  set  of  four  plates  the  tinfoils  are  so  joined  up  as 
to  make  a  condenser  of  nearly  0*001  mfd.  capacity.  The  whole  set 
of  six  condensers  then  has  a  capacity  of  0*006  mfd.,  and  they  can  be 
joined  partly  in  series  and  partly  in  parallel.  Those  six  bundles  of 
four  ebonite  plates  are  bound  with  silk  and  immersed  in  an  ebonite 
box  filled  with  vaseline  oil  free  from  water. 

^  See  J.  A.  Flendng,  "On  the  Propagation  of  Electric  Waves  along  Spiral 
Wires,"  Phil.  Ma^.,  Oct.,  1904,  ser.  6,  vol.  8,  p.  483. 

*  See  "  Electric  Waves,"  H.  Hertz,  English  translation  by  D.  L.  Jones, 
pp.  168, 169. 

»  See  H.  C.  Pocklington,  "  Electric  Oscillations  in  Wires,"  Proc,  Camb.  Phil. 
8oc.,  Oct.  26,  1897,  vol.  ix.  p.  324. 
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In  a  condenser  so  made  by  the  author  there  were  slight  differences 
in  capacity  between  the  six  condensers,  but  when  all  were  joined  in 
parallel  the  measured  capacity  was  0-005835  mfd.,  and  when  the  six 
were  joined  in  two  groups  of  three  condensers,  each  in  series,  the  two 
sets  being  in  parallel,  it  gave  a  condenser  of  0*001461  mfd.  These 
capacities  can  be  acciirately  determined  by  means  of  the  revolving 
switch  described  in  Chap.  II.,  p.  195.  The  variable  inductance  may 
conveniently  take  the  form  of  a  helix  of  thick  copper  wire  with 
movable  contact,  as  described  in  Ohap.  II.,  p.  174. 

The  spark  gap  should  consist  of  a  pair  of  zinc  balls  adjustable  as 
to  distance.  They  should  be  enclosed  in  a  wooden  box  to  reduce 
noise,  and  it  is  an  advantage  to  cause  a  blast  of  air  to  impinge  on  the 
spark  gap. 

The  spark  balls  S,  condenser  C,  or  condensers  C^  and  O2,  and 
variable  inductance  L,  are  then  joined  up  with  the  long  insulated 
helix  H,  as  shown  diagrammatically  in  Fig.  7.  The  secondary 
terminals  of  an  induction  coil  I  are  connected  to  the  spark  balls,  and 
one  spark  ball,  namely,  that  next  to  the  inductance  coil  L,  is  con- 
nected to  the  earth,  E,  that  is,  to  fk  gas  or  water  pipe,  by  a  wire.    On 


Ci 


H 


Cz 


T 


Jtffmi 


w 

Fio.  7. — Arrangement  for  producing  Stationary  Electrio  Waves  on  a  Long  Helix, 
H,  H,  hj  the  Osoillations  in  a  Condenser  Circuit  possessing  Inductance  and  a 
Spark  Gap. 

starting  the  induction  coil  oscillations  are  set  up  in  the  condenser 
circuit,  the  frequency  n  of  which  is  given  by  the  formula — 


n  = 


5xl0g 

a/cl 


The  velocity   W  with  which  the  wave   travels  up  the   helix   is 
given  by — 

W  =    ,-L-  =  nX 

where  G^  and  L^  are  the  capckcity  and  inductance  of  the  helix  per 
unit  of  length. 

Also  for  the  production  of  istationary  waves  we  must  have  the 
wave  length  A  of  the  stationary  wave  on  the  helix  so  adjusted  that — 

^      7 

4 

where  m  is  unity  or  some  odd  integer  number,  and  I  is  the  length  of 
the  helix. 
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Combining  these  equations,  we  have — 

VCiLi     Vol    m  ^   '  j 

,_  .      20/  X  10«  ,__  ' 

or    VCLi  = ~     --/CiLi (53) 

If,  therefore,  we  adjust  the  oscillation  constant  VCL  of  the  condenser 

circuit  to  be  equal  to  20Z  X  10*  X  VCiL^,  divided  respectively  by 
1,  3,  5,  7,  we  then  shall  find  that  when  the  oscillations  are  established 
in  the  condenser  circuit,  resonant  stationary  oscillations  are  set  up 
on  the  helix. 

These  will  show  themselves  by  making  strong  electric  brush  dis- 
charges into  the  air  at  the  insulated  end  of  the  heHx,  and  at  the 
loops  or  antinodes,  and  in  a  dark  room  the  helix  will  be  seen  to  be 
surrounded  by  a  glow  of  light,  which  is  brightest  at  the  antinodes  of 
potential.  It  can,  however,  be  best  detected  and  the  position  of  the 
nodes  fixed  by  holding  a  vacuum  tube  of  the  spectrum  type  filled  with 
rarefied  neon  near  the  tube. 

Neon  is  one  of  the  rare  atmospheric  gases  discovered  by  Sir 
William  Bamsay,  and  Sir  James  Dewar  has  shown  that  it  can  be 
extracted  from  it  by  absorbing  the  oxygen,  nitrogen,  and  other  com- 
moner constituents  of  air  by  means  of  cocoanut  charcoal  cooled  with 
liquid  hydrogen  or  liquid  air.  The  author  found  some  time  ago  that 
a  vacuum  tube  of  the  spectrum  type  with  a  very  small  bore,  not  more 
than  1  mm.  in  the  straight  pait  of  the  tube  (see  Fig.  8),  when  filled 


^ 

^    

■^ 

Fig. 

8.- 

-Neon  Vacuum  Tube. 

with  rarefied  neon,  formed  an  excellent  and  most  sensitive  means  of 
detecting  a  high  frequency  electric  field.  The  tube  then  glows  with 
a  bright  red-orange  hght,  which  is  visible  in  broad  daylight.  If  such 
a  tube  cannot  be  obtained,  then  one  of  the  same  form,  made  with 
uranium  glass  and  filled  with  rarefied  carbonic  dioxide  gas,  will 
answer  the  purpose  fairly  well. 

To  locate  the  loops  and  nodes,  the  vacuum  tube  must  be  held 
over  the  helix  and  perpendicular  to  it,  and  at  varying  distances  from 
it,  and  moved  along  parallel  to  itself.  It  will  then  be  found  that  in 
some  positions  it  glows  brightly,  whilst  in  others  it  does  not*  and  a 
very  slight  movement  on  either  side  of  the  last  positions  will  make 
the  tube  illuminate  again.  These  non-glowing  positions  are  just  over 
the  nodes  of  potential  on  the  helix.  If  a  boxwood  scale  divided  into 
centimetres  and  millimetres  is  placed  below  the  helix  and  at  about 
10  cms.  from  it,  it  is  possible  to  read  off  the  distance  from  the  end  of 
the  hehx  at  which  these  antinodes  and  nodes  of  potential  exist,  as 
shown  by  the  positions  at  which  the  neon  or  other  vacuum  tube 
glows  or  does  not  glow  brightly.  We  can  then  adjust  the  inductance 
in  the  condenser  circuit  and  the  capacity  of  the  latter,  until  we  so 
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arrange  matters  that  we  have  a  good  electric  brush  at  the  end  of 
the  helix  farthest  from  the  condenser,  and  either  no  node  or  else 
1,  2,  3,  4,  etc.,  nodes  of  potential,  indicating  that  the  helix  has 
established  on  it  either  its  fundamental  or  its  1st,  2nd,  drd,  etc., 
harmonic  oscillation,  as  shown  by  the  existence  of  ^  of  a  stationary 
wave  or  £,  ^,  ~,  etc.,  stationary  waves. 

In  a  research  of  this  character  the  author  found  that,  with  a  helix 
as  above  described,  the  nodes  and  antinodes  of  potential  were  distri- 
buted as  shown  by  the  ordinates  of  the  dotted  Imes  in  Fig.  9.  The 
numbers  ^ven  underneath  the  diagram  OE  representing  the  helix 
show  the  mtemodal  distances  in  centimetres,  and  the  distonce  of  the 
first  potential  node  from  the  open  end  O  of  the  helix.  Two  things 
are  at  once  noticeable. 

,  (1)  The  intemodal  distances  are  not  equal,  but  increase  towards 
the  end  of  the  helix  which  is  attached  to  the  condenser.  This  seems 
to  show  that  the  velocity  of  the  wave  is  not  the  same  at  all  parts  of 
the  helix,  but  is  rather  greater  near  the  condenser  end  E.  This  may 
be  due  to  the  free  ends  of  the  helix  having  a  slightly  smaller  inductance 
per  unit  of  length  than  the  middle  portions. 

(2)  The  distance  from  the  open  end  of  the  helix  O  to  the  first 
node  of  potential  N^  is  always  less  than  half  the  distance  N1N2  between 
the  two  succeeding  nodes,  or  any  pair  of  succeeding  nodes.  In  fact, 
the  distance  ON^  multiplied  by  2*5  is  always  nearly  equal  to  N2N2. 

The  velocity  of  the  wave  along  the  helix  can  be  ascertained  by 
measuring  the  wave  length  of  the  stationary  wave  on  the  helix,  which 
is  equal  to  twice  the  distance  N1N2  between  the  first  and  second  nodes, 
and  also  ascertaining  the  frequency  of  the  oscillations. 

The  frequency  can  be  ascertained  from  the  condenser  capacity 
and  the  inductance  in  the  main  oscillation  circuit.  In  experiments 
by  the  author  ^  the  real  value  of  the  inductance  used  corresponding  to 
certain  scale  readings  of  the  variable  spiral  inductance  employed  was 
carefully  ascertained  by  comparing  it  with  the  inductance  of  certain 
squares  of  copper  wire  of  known  size.  In  this  way  a  series  of 
observations  was  made,  noting  the  capacity  C  in  the  condenser 
circuit,  the  inductance  L,  the  calculated  frequency  n,  the  observed 
stationary  wave  length  A  on  the  helix,  and  from  these  data  the  velocity 
of  the  wave  (W)  was  calculated.  The  results  are  shown  in  the  table 
below. 
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It  will  be  seen  that  for  the  first  three  harmonics  the  wave  velocity 
is  nearly  172  X  10«  cms.  per  second,  and  this  agrees  very  well  with 
the  velocity  174  X  10<^  cms.  per  second  calculated  from  the  measured 
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Fig.  9. — Diagrams  representing  the  Stationary  Potential  Waves  setup  on  a  Long 
Helix,  OE,  by  a  High  Frequency  E.M.F.  applied  at  one  End,  E.  The 
Distance  of  the  Dotted  Lines  from  the  Helix  represents  the  Potential  Ampli- 
tude at  that  Point  of  the  Helix. 

inductance  and  capacity  of  the  spiral  per  unit  of  length.  There  is, 
however,  a  falling  off  in  the  value  of  W  for  higher  harmonics.  This 
may  be  due  to  inaccuracy  in  measuring  the  small  values  of  the 
inductance  L  or  else  to  some  cause  not  yet  ascertained. 
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Two  poinfcs  call  for  notice.  If  we  employ  the  velocity,  viz. 
172  X  10<^  cms.  per  second,  obtained  from  observation  made  on  the 
wave  lengths  of  the  first,  second,  and  third  harmonics  to  calculate 
back  the  wave  length  of  the  fundamental  oscillations,  we  find  this 
last  to  be  871  cms.  The  length  of  the  helix  was  210  cms.  Hence 
it  is  clear  that  the  fundamental  wave  length  is  rather  more  than  four 
times  the  length  of  the  helix. 

In  the  next  place  the  distance  from  the  open  end  of  the  helix  to 
the  first  node  of  potential  is  always  decidedly  less  than  one  quarter  of 
the  corresponding  wave  length,  that  is,  it  is  less  than  half  the  distance 
between  the  two  succeeding  nodes  of  potential.  In  fact,  the  wave 
length  is  more  nearly  equal  to  flve  times  the  distance  from  the  open 
end  to  the  first  node. 

This  indicates  that  the  simple  theory  above  given  is  not  sufficient 
to  fit  the  facts.  A  more  complete  theory  of  the  production  of 
stationary  electric  waves  on  open  cir- 
cuits has  been  given  by  Professor  H.  M. 
Macdonald.^  In  this  investigation  he 
shows  that  if  the  fundamental  electrical 
oscillation  is  set  up  on  a  peifectly  straight 
insulated  wire,  it  consists  in  an  oscillation 
such  that  the  centre  of  the  wire  is  a  node 
of  potential  and  the  two  extremities  are 
antinodes,  but  the  wave  length  of  the 
oscillation  set  up  is  shown  to  be  not 
simply  twice  the  length  of  the  wire,  as 
the  simple  theory  given  in  §  4  of  this 
chapter  would  indicate,  but  2*53  times 
the  length  of  the  wire.  Hence  this 
indicates  that  if  a  wire  has  a  high 
frequency  electromotive  force  applied  at 
one  end  and  the  length  of  the  wire  is  so 
adjusted  that  there  is  an  antinode  of 
potential  at  the  other  end,  the  wire 
vibrating  in  its  fundamental  oscillation, 
then  the  length  of  the  wave  must  be 
nearly  five  times  that  of  the  wire.  It 
is  impossible  to  verify  this  with  the 
fundamental  oscillation  of  a  single  wire, 
because  we  cannot  make  a  sufficiently 
sharp  measurement  of  the  position  of 
the  node,  but  in  the  case  where  the  wire 
has  a  higher  harmonic  oscillation  pro- 
duced upon  it,  as  in  the  experiments  of 
the  author  above  described  with  the 
spiral,  we  can  ascertain  the  length  of  the 
wave  by  measuring  the  distance  between 

the  first  and  second  node,  and  then  ascertain  also  the  distance  from 
the  first  node  to  the  open  end  of  the  wire,  and  we  find,  as  shown  in  the 
diagram  in  Fig.  9,  that  the  distance  from  the  end  of  the  wire  to 

*  Adams*  Prize  Essay,  by  H.  M.  Maodonald,  **  Electric  Waves,"  Cambridge 
Uniyeraity  Press,  1902,  see  p.  111. 
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Fm.  10.  —  Arrangement  of 
Seibt's  Apparatus  for  ex- 
hibiting Stationary  Potential 
Waves  on  a  Vertical  Helix. 
J,  induction  coil;  C.,  C,, 
condensers;  F,  spark  balls; 
Xr„  Ir,,  adjustable  induct- 
ances ;  R,  helix. 
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the  firet  node  is  to  the  distance  between  the  first  and  second  nodes 
very  nearly  in  the  ratio  of  the  numbers  2  to  6. 

It  will  be  seen,  by  referring  to  Fig.  9  delineating  the  above 
described  experiments  with  stationary  waves  on  spiral  wires,  that 
for  the  second  harmonic  the  ratio  of  ON^  to  NjN^  is  34  to  80,  which 
is  exactly  as  2  to  5,  and  for  the  third  harmonic  the  ratio  of  ONj  to 
N^Nj  is  as  23  to  57,  which  are  also  very  nearly  as  2  to  5,  and  the 
same  with  tbe  fourth  and  fifth  harmonics. 


Fia.  11.— PerspectWe  View  of  CondenseT  Circuit  of  Seibt'e  Apparatai,  u  made  hj 
F.  Emecbe  of  Berlin.  C\  C*,  Lefden  jars ;  F,  spark  Ih^b  !□  a  box ;  L',  L*, 
variable  inductance  coil. 

These  observations,  therefore,  with  the  spiral  so  far  confirm 
Macdonald's  theory. 

Another  method  of  eshibiting  these  nodes  and  loops  on  a  spiral 
wire  was  devised  by  G.  Seibt.' 

Seibt's  method  is  to  place  a  spiral  of  insulated  wire  wound  oii 
a  wooden  rod  in  a  vertical  position  and  to  stretch  alongside  of  it  and 
parallel  to  it,  a  few  centimetres  away,  a  very  fine  bare  wire  which 
is  connected  to  the  earth.  The  spiral  is  connected  at  bottom  end 
'  ElecktroUcknUche  Zeiltekri/l,  April   10, 
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to  an  oscillating  circuit  consisting  of  a  couple  of  Leyden  jars,  a  spark 
gap,  and  a  variable  inductance,  and  oscillations  are  excited  in  this 
as  usual  by  an  induction  coil.  The  apparatus  is  as  represented  in 
Figs.  10  and  11. 

When  oscillations  are  set  up  in  the  Leyden  jar  circuit,  and  the 
inductance  varied  so  as  to  give  the  frequency  of  these  oscillations 
the  proper  value  for  exciting  either  the  fundamental  or  the  higher 
harmonic  oscillations  in  the  spiral,  then  an  electric  brush  discharge 
takes  place  between  the  surface  of  the  spiral  and  the  parallel  earth 
wire  (see  Fig.  12). 

If  the  spiral  is  vibrating  in  its  fundamental  manner,  then  its  glow 
is  very  brilliant  at  the  top,  and  drops  away  to  nothing  down  at  the 
bottom ;  but  if  it  is  vibratmg  in  its  higher  harmonics,  then  the  glow 
is  distributed  in  patches,  the  brightest  points  marking  the  position  of 
the  antinodes  of  potential.  This  experiment  forms  a  very  beautiful 
one,  but  it  can  only  be  seen  in  a  perfectly  dark  room.  Moreover,  the 
position  of  the  nodes  and  antinodes  cannot  be  fixed  with  great 
accuracy,  but  it  serves  to  render  visible,  in  a  sense,  these  stationary 
waves.  Again,  if  a  brass  rod  terminating  in  a  knob  is  taken  in  the 
hand  and  the  knob  held  near  the  top  of  the  spiral  when  vibrating  in 
its  fundamental  manner,  very  long  thin  sparks  can  be  drawn  from  it, 
and  a  strong  electric  brush  proceeds  from  the  end  of  the  hehx.  If 
the  knob  at  the  end  of  the  rod  is  carried  down  the  spiral,  it  will  be 
found  that  the  spark  drawn  becomes  shorter  but  more  brilliant  as  it 
is  taken  lower  down. 

This  indicates  the  gradual  decrease  in  the  potential  amplitude  as 
we  pass  from  the  open  or  insulating  end  of  the  spiral  to  the  condenser 
end,  and  also  it  indicates  the  gradual  increase  of  the  current,  the 
current  flowing  into  the  helix  being  a  maximum  at  the  lower  end  of 
the  spiral  and  the  potential  amplitude  a  maximum  at  the  upper  end. 

It  will  be  seen,  therefore,  that  to  excite  the  fundamental  oscillation 
in  the  spiral  we  must  apply  to  the  bottom  end  a  high  frequency 
electromotive  force,  the  frequency  of  which  is  such  that  the  wave 
produced  by  it  travels  a  distance  rather  more  than  four  times  the 
length  of  the  spiral  during  the  time  of  one  period.  We  have  seen 
that  the  velocity  with  which  the  wave  travels  along  the  spiral  is 

measured  by       -   -,  where  Oj  is  the  capacity  of  the  spiral  per  unit 

VCiLi 

of  length  and  Lj  is  its  inductance,  hence  the  frequency  n  required  to 

produce  the  fundamental  oscillation  is  given  by  the  equation — 

n  =  <~^ (54) 

In  the  above  expression  A  is  the  wave  length  of  the  fundamental 
oscillation,  which,  according  to  the  simple  theory,  is  four  times  the 
length  of  the  spiral,  and,  according  to  Macdonald's  theory,  five  times 
the  length  of  the  spiral ;  but,  as  far  as  the  experiments  of  the  author 
go,  is,  in  fact,  nearly  4*15  times  the  length  of  the  spiral.  Hence  we 
may  say  that  the  frequency  riQ  required  to  produce  the  fundamental 
oscillation  on  a  spiral  of  length  I  is  given  by  the  equation — 
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no=   — V   _ (55) 

The  frequency  required  to  produce  the  first  harmonic,  or  the 
oscillation  having  one  node  about  one-third  of  the  way  from  the  open 
end  of  the  spiral,  is  Shq.  If  we  call  this  n^  we  have  for  the  frequency 
required  to  produce  the  first  harmonic  the  expression  — 

In  the  same  way  the  frequency  nj  required  to  produce  the  second 
harmonic  is  five  times,  the  third  harmonic  seven  times,  that  required 
to  produce  the  fundamental  oscillation,  and,  generally  speaking,  the 
frequency  required  to  produce  the  mth  harmonic  is  (2m  -f- 1)  times 
the  frequency  of  the  fundamental.  Therefore  we  have,  for  the  fre- 
quency n^  required  to  produce  the  mth  harmonic  on  the  spiral  or 
state  of  electrical  viOTation  with  m  modes  of  potential,  the 
expression — 

^''* ""  445(2m'  +  l)ZVCiLi ^^^^ 

The  author  has  found  that  winding  the  spiral  on  a  wooden  rod 
is  a  mistake.  Ordinary  wood,  even  if  dry,  has  considerable  con- 
ductivity for  high  frequency  currents,  and  therefore  tends  to  give  the 
spiral  a  greater  capacity  as  the  frequency  increases.  This  creates 
a  disagreement  between  the  observed  facts  and  the  deductions  from 
theory. 

The  helix  must  be  wound  on  either  an  ebonite  or  a  glass  rod. 
In  a  subsequent  chapter  (Chap.  YI.)  we  shall  see  how  such  a  helix 
may  be  used  as  a  cymometer  for  measuring  the  length  of  the  electric 
waves  radiated  from  an  aerial  wire  as  used  in  v^reless  telegraphy. 

5.  Direct,  IndaotiYe,  and  Eleotrostatio  Coaplin^— In  estab- 
lishing stationary  electric  waves  upon  wires,  a  high  frequency  electro- 
motive force  must  be  created  in  the  wire  at  some  point.  This  may  be 
done  in  one  of  three  ways,  which  are  respectively  called  the  direct, 
magtietic  or  inductive,  and  electrostatic  or  dielectric  coupling. 

The  direct  coupling  consists  in  connecting  a  wire  on  which  it  is 
desired  to  establish  the  stationary  waves  directly  to  some  point  on  an 
oscillating  circuit  which  is  rising  and  falling  rapidly  in  potential ;  or 
we  may  connect  two  similar  wires  to  two  points  on  an  oscillating 
circuit  which  vary  oppositely  in  potential  at  the  same  moment.  The 
simplest  illustration  of  this  is  to  connect  to  the  inner  and  outer 
coating  of  a  Leyden  jar  two  long  wires  which  are  extended  horizon- 
tally. When  the  jar  is  discharged  (see  Fig.  13)  Qscillations  are  set 
up  and  the  coatings  of  the  jar  rise  and  fail  rapidly  in  potential  in 
opposite  senses.  Hence  the  wires  have  periodic  electromotive 
impulses  applied  to  their  ends.  Just  as  when  a  rope  fixed  at  one 
end  is  jerked  at  the  other  and  a  hump  or  wave  runs  along  it,  so  in 
the  case  of  the  electric  wires  a  wave  of  potential  travels  along  the 
wire  and  is  reflected  at  the  insulated  end  and  runs  back.     The 
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velocity  with  which  the  wave  runs  along  the  wire  if  straight  is  the 
velocity  of  light.     We  have  seen  (see  Chap.  II.,  equation  94)  that 


.B 


Fig.  13. — L,  Leyden  jar  having  inner  and  outer  coatings,  connected  to  resonant 

wires,  A,  B,  of  proper  length.     (Lodge.) 

the  electrostatic  capacity  of  a  long  circular- sectioned  wire  of  diameter 
d  and  length  I  in  free  space  is  nearly  given  by  the  expression — 

— ^  (in  electrostatic  units)    .     .     .     (58) 


C  = 


2  log, 


d 


In  electromagnetic  measure  it  is  obtained  by  dividing  the  above 
expression  by  the  numerical  factor  9  X  lO^o.     Hence — 

G  = f^ .  (in  electromagnetic  units)  .     (59) 

9  X  1020  X  2  log  - 

The  number  9  X  lO^o  is  the  square  of  the  electromagnetic  velocity  w, 
identical  with  the  velocity  of  light. 

The  inductance  L  of  such  a  wire  in   electromagnetic   units  is 
given  by — 


L  =  2/(log.^-l) 


(60) 


We  may  write  the  above  equation  in  the  form 

2/ 


L  =  2/(log.|  +  iog.2-l) 
or     L  =  2/  (^log.  ~  —  0-3  j  .     . 


•  • 


(61) 
(62) 


2/. 


If  log^  -J  is  large  compared  with  0*3,  we  can  say  that  for  this  wire — 


L  ==  2/  logi 


21 

d 


and  hence     VCL  = 


Z 


3  X  1010 


or 


/C    L 

VT-7 


r  =  3  X  1010  ==  1^ 


{ 
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The  left-hand  side  of  the  above  equation  is  the  reciprocal  of  the 
square  root  of  the  product  of  the  capacity  and  inductance  of  the  wire 
per  unit  of  length,  and  this,  we  have  seen,  is  the  expression  for  the 
velocity  with  which  the  electric  wave  runs  along  the  wire.  The 
symbol  u  stands  for  the  number  3  X  10^^^  or  the  velocity  of  light  in 
centimetres  per  second.  Therefore  the  wave  runs  along  the  straight 
wire  with  the  velocity  of  light.  It  is  reflected  at  the  open  end,  and 
if  the  frequency  is  adjusted  so  that  the  time  taken  by  the  wave  to 
travel  nearly  four  times  the  length  of  the  wire  is  equal  to  one  com- 
plete period  of  the  electromotive  force,  then  stationary  waves  are  pro- 
duced on  the  wire  and  a  greatly  exalted  potential  amplitude  occurs 
at  the  open  end. 

If  the  frequency  is  3,  5,  7,  etc.,  times  this  fundamental  frequency, 
then  higher  harmonic  oscillations  with  nodes  and  antinodes  of  potential 
are  formed  on  the  wire. 

One  of  the  first  investigator?  to  notice  and  measure  these  stationary 
waves  on  vnres  so  produced  by  direct  coupling  with  the  coatings  of  a 
Leyden  jar  was  Sir  Oliver  Lodge.^ 

Let  a  condenser  of  capacity  0  be  discharged  through  a  low  resist- 
ance circuit  of  inductance  L,  and  let  two  long  wires  proceed  parallel 
to  each  other  and  insulated  in  space  from  each  other,  one  end  of 
each  being  connected  to  one  coating  of  the  condenser.  The  capacity 
Cx  of  the  two  wires  in  electrostatic  units  with  respect  to  each  other 
can  be  shown  to  be  given  by  the  equation  ^ — 

Cj  =  Ai^  (in  electrostatic  units)  .     .     .     (63) 

4  log.  -^- 

where  /  is  the  length  of  each  of  the  wires,  D  their  distance  apart,  and 
d  the  diameter  of  each  wire  assumed  to  be  of  circular  section. 
Hence  the  capacity  in  electromagnetic  units  is — 

0i= — ^c (^^) 

uH  log,  J 

The  high  frequency  inductance  L^  of  these  two  wires,  each  of 
length  /,  and  at  a  distance  D  cms.  apart  in  air,  has  been  shown  (see 
Chap.  II.  §  3  (55))  to  be  given  by  the  expression — 


i^  =  4:1  [log. 


2^)     .    .....    .    (65) 


d 
Hence,  multiplying  (64)  and  (65),  we  have — 

'  See  O.  J.  Lodge,  "  On  the  Theory  of  Lightning  Conductors,"  Phil.  Mag., 
August,  1888,  ser.  6,  vol,  26,  p.  217  ;  also  The  Electrician,  August  10, 1888,  vol.  xxi. 
p.  485. 

•  See  **  Handbook  for  the  Electrical  Laboratory  and  Testing  Boom,"  J.  A. 
Fleming,  vol.  ii.  p.  121. 
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The  expression         _         is  the  velocity  of  the  wave  along  the 

^    I  '  I 
wires,  and  is  therefore  equal  to  the  velocity  of  light. 

If,  then,  the  capacity  of  the  wires  with  respect  to  each  other  is 
small  compared  with  that  of  the  condenser,  the  discharge  of  the  .latter 
applies  to  the  ends  of  the  wires  a  periodic  potential  difference  with  a 

frequency  n  =^c — .-=z^.    In  order  that  the  stationary  oscillations  may 

•^^V  Cli 

he  set  up  on  the  wire  we  must  have  for  the  fundamental  oscillation 

such  a  length  I  for  each  wire  that  u  =  Un  =  3  X  lO^^,  and  therefore — 

;  =  |x3xl0iox  VCL 

In  the  ahove  equation  G  is  the  capacity  of  the  condenser  in 
electromagnetic  measure.  If  we  express  the  condenser  capacity  in 
microfarads,  and  the  inductance  of  the  circuit  through  which  it  is  dis- 
charging in  centimetres,  then  we  have  the  following  very  approximate 
formula : — 

/  =  1600\/CmW..  X  licniB. (66) 

Thus,  for  instance,  let  a  small  Leyden  jar  having  a  capacity  of  ahout 
^  mfd.  be  discharged  through  a  loop  of  thick  copper  wire  about 
4  mm.  in  thickness  and  120  cms.  long.  The  inductance  of  this 
circuit  would  be  about  700  cms.,  and  the  corresponding  length  I  of  the 
resonant  wire  would  be  15  ms.,  or  nearly  50  feet.  Such  a  length  of 
wire,  if  attached  to  the  jar  inner  coating,  would  have  the  fundamental 
oscillatiofi  set  up  on  it,  and  at  the  far  end  we  should  have  an  antinode 
of  potential  and  a  strong  brush  discharge. 

Hence  to  exhibit  nodes  and  loops  of  potential  on  a  straight  wire 
we  need  higher  frequency,  and  therefore  smaller  capacity  and  induct- 
ance in  the  discharge  circuit. 

To  establish  the  first  harmonic  oscillation  with  one  node  at  about 
one-third  the  length  of  the  wire  from  the  open  end,  we  must  have  a 
frequency  three  times  that  required  for  the  fundamental,  that  is,  the 
product  GL  must  be  nine  times  as  great.  Accordingly,  if  G  is  made 
four  times  greater,  L  must  be  made  2^  times  greater  than  would  be 
the  case  to  excite  the  fundamental. 

These  higher  harmonic  oscillations  are,  however,  better  called 
into  existence  by  using  an  arrangement  due  to  Hertz,  and  modified 
by  others,  such  as  Sarasin  and  de  la  Bive  and  Lecher. 

6.  Creation  of   Stationary   Eleotrio   Waves    on   Straight 

Wires. — A  convenient  method  of  establishing  stationary  electric 
waves  on  wires  is  one  which  Gontinental  writers  generally  attribute 
to  Lecher,  and  call  the  Lecher  arrangement.  As  a  matter  of  fact,  it 
originated  with  Lodge  and  Hertz,  whilst  Sarasin  and  de  la  Bive  gave 
it  an  improved  form. 

Hertz  devised  the  form  of  oscillator  we  shall  describe  more  in 
detail  in  the  next  chapter,  which  consists  of  two  metal  plates  having 
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rods  attached,  these  rods  heing  terminated  in  spark  balls.  The  rods 
and  plates  are  placed  in  one  line,  with  the  balls  near  together.  They 
then  constitute  a  condenser,  with  air  as  dielectric,  which  discharges 
across  the  gap  when  the  potential  difference  of  the  plates,  created  by 
attaching  the  spark  balls  to  the  secondary  terminals  of  an  induction 
coil,  exceeds  a  certain  value  determined  by  the  width  of  the  spark 
gap.  This  discharge  sets  up  oscillatory  currents  in  the  rods  and 
rapid  oscillations  of  potential  in  the  plates.  If  then  two  other  plates 
are  placed  close  to  the  plates  of  the  oscillator,  these  first  named 
having  long  parallel  wires  attached  to  them  (see  Fig.  14)  with  their 
ends  insulated,  we  have  the  so-called  Lecher  arrangement. 


W 


Fia.  14.— Leoher  Arrangement  for  creating  Stationary  Electric  Waves  on  Parallel 
Wires.  The  two  open  circaits  are  coupled  electrostatically.  I,  induction 
coil ;  C,  C,  condenser  plates ;  W,  parallel  wires. 

• 
Hertz  ubed  in  some  experiments  only  one  extra  plate  and  wire,^ 
but  Sarasin  and  de  la  Bive  made  the  arrangement  symmetrical  by 
employing  two  plates  and  two  parallel  wires,  whilst  B.  Blondlot 
showed  that  oscillations  could  be  set  up  in  a  long  wire  circuit  by 
coupling  it  electromagnetioally  with  a  circuit  containing  a  condenser 
in  which  oscillations  were  created  by  a  discharge  across  a  spark 
gap.io 

The  double  plate  and  parallel  wire  arrangement  was  also  described 
by  E.  Lecher.ii  In  this  case  the  wires  are  said  to  be  coupled  electro- 
statically to  the  Hertz  oscillator.  When  the  secondary  terminals  of 
an  induction  coil  are  connected  to  the  spark  balls  of  the  oscillator, 
and  vibrations  excited,  the  plates  at  the  end  of  the  wires  are  rapidly 
alternated  in  potential,  and  this,  therefore,  applies  to  the  ends  of  the 

*  See  H.  Hertz,  "  Electric  Waves,"  English  translation  by  D.  E.  Jones,  p.  108, 
or  Wied.  Ann.,  1888,  vol.  34,  p.  551. 

^*  See  R.  Blondlot,  **  Sur  un  nouveau  proc^dd  pour  transmettre  des  ondulations 
61eotriquea  le  long  de  fils  metalliques,*'  Comptes  ttendus,  1892,  vol.  114,  p.  283. 

^^  See  E.  Lecher,  "  Eine  Studie  iiber  electrische  Besonanzerscheinungen," 
Wied.  Ann,,  1888,  vol.  41,  p.  850. 
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wires  an  alternating  electromotive  force;  which  in  one  wire  may  be 
represented  by  V  cos  pt  and  that  to  the  other  by  — V  cos  pt.  These 
electromotive  forces  create  electric  waves  of  potential  which  travel 
along  the  wires,  as  above  proved,  with  the  velocity  of  light,  and  if 
the  wires  are  of  suitable  length  compared  with  the  frequency  of  the 
oscillations,  the  interference  of  the  direct  and  reflected  waves  estab- 
lishes stationary  waves  of  potential  and  current  on  the  wires.  Lecher, 
foMowing  a  method  suggested  by  Dragoumis,^^  employed  a  vacuum 
tube  laid  across  the  wires  like  a  bridge  to  detect  the  position  of  the 
nodes.  The  tube  may  be  without  the  usual  electrodes,  and  contain 
rarefied  nitrogen  with  a  trace  of  turpentine  vapour.  The  author  has, 
however,  found  that  a  tube  filled  with  rarefied  neon  is  much  better  as 
an  indicator. 

When  the  vacuum  tube  is  placed  at  a  node  of  potential  it  remains 
dark,  but  when  placed  at  an  antinode  it  glows.  Lecher  also  found 
that  if  the  vacuum  tube  was  placed  permanently  at  the  end  of  the 
parallel  wires  it  could  be  caused  to  glow,  or  not  to  glow,  by  moving 
about  on  the  parallel  wires  another  transverse  vdre  placed  as  a  bridge 
across  them.  This,  however,  introduces  a  complication.  At  first 
sight,  it  might  appear  that  the  positions  at  which  the  bridge  wire 
must  be  placed  not  to  afifect  the  glow  in  the  tube  should  depend  solely 
upon  the  frequency  of  the  oscillator.  Experiments  by  H.  Bubens  13 
showed,  however,  that  the  position  of  the  bridge  at  which  the  glow  of 
the  vacuum  tube  was  brightest  or  extinguished  did  not  depend  upon 
the  time  period  of  the  oscillator. 

This  is  only  one  instance  out  of  a  number  in  connection  with  this 
subject  which  shows  that  the  phenomena  cannot  be  rightly  interpreted 
unless  we  bear  constantly  in  mind  that,  as  already  explained,  the 
oscillations  of  an  open  circuit  radiator,  Hke  a  Hertz  oscillator,  subside 
with  great  rapidity.  They  are  damped  chiefly  owing  to  dissipation  of 
energy  by  radiation.  On  the  other  hand,  if  a  circuit  is  nearly  closed, 
the  oscillations  in  it  are  very  persistent.  Hence,  if  an  open  circuit 
radiator,  like  tl^t  of  Hertz,  acts  on  a  nearly  closed  circuit,  the 
radiator,  when  in  action,  merely  administers  to  the  receiver,  or 
resonant  circuit,  a  sort  of  blow  or  electro-magnetic  impulse  at  each 
discharge.  The  oscillations  excited  in  the  resonant  circuit  are  those 
of  its  own  free  period,  and  not  those  forced  on  it  by  the  radiator. 

If  we  consider  the  bridge  wire  put  across  at  any  place  transversely 
to  the  parallel  wires,  it  creates  two  oscillation  circuits.  One  of  these 
consists  of  the  two  condensers,  which  are  formed  by  the  two  plates 
of  the  Hertzian  oscillator  and  the  other  two  plates  respectively  in 
opposition  to  them,  together  with  the  rods  of  the  Hertzian  oscillator, 
and  also  the  bridge  wire  and  the  included  portion  of  the  parallel 
wires.  This  circuit  is  denoted  in  Fig.  16  by  the  letters  SC1XYC2. 
The  other  circuit  consists  of  the  bridge  wire  and  the  remainder  of 
the  parallel  wires,  and  is  denoted  by  AXYB  (see  Mg.  16).  .  The 
magnitude  of  these  circuits  is  dependent  upon  the  position  of  the 
bridge  vrire.  Experiment  shows,  then,  that  what  takes  place  is  as 
follows  :  When   the  Hertzian  oscillator  is  excited,  oscillations  take 

1*  See  Nature,  Vol.  39,  p.  548. 

"  See  H.  Rubens,  W%ed.  Ann,,  1891,  vol.  42,  p.  154 ;  also  see  J.  J.  Thomson, 
"Recent  Researches  in  Electricity  and  Magnetism,"  p.  462. 
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place  in  the  circtiit  SG^XYGg,  and  these  excite  other  oscillations  in 
the  circuit  AXYB.  The  condition  which  must  hold  good  for  these 
last  oscillations  is,  that  the  free  extremities  A  and  B  of  the  wiros 
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Fio.  16.— Leoher  Wires  bridged  across  and  divided  into  Two  Syntonic  Circuits. 
I,  induction  coil;  0,^  0,,  air  condensers ;  A,  B,  Lecher  wires;  S,  spark  balls. 

must  be  antinodes  of  potential  and  of  opposite  sign.  Hence,  if  we 
consider  the  wire  AXxB  stretched  out  straight,  the  oscillations  of 
potential  on  it  that  are  possible  are  indicated  by  the  diagrams  in 
Fig.  16.    The  length  of  the  circuit  AXYB  must,  therefore,  be  equal 
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Fio.  16. — Possible  Stationary  Oscillations  which  can  be  created  on  the  Section 
JIXYB  of  a  Lecher  Circuit,  as  shown  in  Fig.  15.      The  distance  of  the 
dotted  line  from  the  firm  line  represents  the  potential  amplitude  at  that 
point. 


to  some  odd  multiple  of  half  the  stationary  wave  length,  in  order  that 
we  may  have  the  necessary  conditions  fulfilled,  which  are,  first,  that 
the  centre  of  the  bridge  wire  XY,  that  is,  the  central  point  of  the 
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circuit  AXYB,  shall  be  a  node  of  potential,  and  the  two  extremities 
A  and  B  shall  be  antinodes,  and  at  any  instant  have  opposite  poten- 
tials. Therefore  the  distance  between  two  positions  of  the  bridge 
wire  XY,  say  at  XY  and  X'Y'  (see  Fig.  15),  at  which  the  vacuum 
tube  shines  equally  brightly,  is  equal  to  one-half  of  the  length  of  a 
stationary  wave  on  the  circuit  AXYB.  This  wave  length  is  deter- 
mined by  the  length  of  the  wire  itself,  and  not  that  of  the  other 
exciting  circuit. 

On  the  other  hand,  to  set  up  strong  oscillations  in  the  circuit 
AXYB,  the  frequency  of  the  oscillations  in  the  other  circuit,  SC1XYC2, 
must  be  so  adjusted  that  the  two  circuits  are  in  resonance.  It  fol- 
lows, therefore,  that  to  excite  an  oscillation  on  the  wires,  such  that 
there  shall  be  an  antinode  of  potential  at  A  and  B,  and  one  node 
only,  at  the  centre  of  the  bridge  XY,  the  frequency  n  of  the  oscilla- 
tions in  the  other  circuit  must  be  so  adjusted  that — 

3  X  IQiQ  ,.„. 

^  ~  2  (the  length  of  AXYB)     '     '     '  '  '     V  ^ 

The  numeric  which  occurs  in  the  denominator,  viz.  2,  is,  in  fact,  a 
little  more  than  2,  very  nearly  2*5,  because  the  length  of  the  funda- 
mental wave  length  of  a  linear  oscillator  is  2*5  times  its  length  nearly, 
and  not  simply  twice  its  length. 

If,  then,  the  vacuum  tube  is  placed  across  the  ends  AB  of  the 
parallel  wires,  and  the  bridge  XY  moved  to  different  positions,  the 
tube  glows  most  brightly  for  certain  positions  of  the  bridge.  The 
condensers  formed  of  the  pairs  of  plates  at  the  ends  of  each  wire 
have  a  certain  capacity,  and  this  may  be  considered  to  be  reckoned 
in  its  equivalent  in  length  of  straight  wire.  We  might,  in  fact,  replace 
the  nearly  closed  oscillating  circuit  SG]^XYC2  by  an  open  circuit  con- 
sisting of  a  wire  bent  twice  at  right  angles.^^  The  actual  Lecher 
circuit  is,  therefore,  equivalent  to  two  pieces  of  wire,  each  bent  twice 
at  right  angles,  and  having  their  central  portions  in  common.  Ex- 
periment, then,  shows  that  if  oscillations  are  set  up  in  one  part, 
they  will  create  vigorous  oscillations  in  the  other  part,  if  the  lengths 
of  the  two  circuits  are  in  the  ratio  of  any  pair  of  the  odd  integer 
numbers.  Experiments  made  by  H.  Bubens  fully  confirm  this  de- 
duction,^^  and  they  show  that  we  must  not  consider  the  phenomenon 
to  consist  simply  in  oscillations  having  the  period  due  to  the  Hertz 
oscillator  alone  being  forced  on  the  long  wires,  and  the  bridge  merely 
non-effective  when  placed  at  the  nodes  of  potential  so  formed,  but 
we  have  to  consider  the  bridge  as  a  common  part  of  two  circuits,  in 
one  of  which  oscillations  are  set  up  with  a  certain  period,  whilst 
others  are  created  in  the  adjacent  circuit,  provided  this  is  made  to 
be  of  such  a  length  that  one  of  its  natural  periods  of  oscillation  is  in 
agreement  with  those  of  the  primary  circuit. 

Another  method  of  setting  up  oscillations  in  wires  is  due  to  M. 

"  See  E.  Lecher,  Wied,  Ann.,  1890,  vol.  41,  p.  850. 

^^  See  H.  Bubens,  Wied.  Ann.,  1889,  vol.  87,  p.  529.  For  an  account  of  these 
experiments  in  English,  see  J.  J.  Thomson's  book,  ''Recent  Researches  in  Elec- 
tricity and  Magnetism,"  pp.  461-467. 
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Blondlot.i®  In  this  a  circular  wire  circuit,  of  which  the  inductance 
can  be  calculated,  has  inserted  in  it  a  spark  gap  and  a  condenser  of 
known  capacity.  Surrounding  this  circular  circuit,  and  in  close  con- 
tact with  it,  but  separated  by  an  insulator,  is  a  second  circuit  consist- 
ing of  one  long  wire  (see  Fig.  17).  The  oscillations  in  the  condenser 
circuit  act  inductively  on  the  wire  circuit,  and  if  the  length  of  this  last 
is  properly  adjusted,  create  stationary  oscillations  in  it.  By  means  of 
the  arrangement  of  this  kind  Blondlot  was  able  to  make  a  satisfactory 
determination  of  the  velocity  of  propagation  of  an  electric  wave  along 
a  wire,  and  prove  experimentally  that  it  was  identical  with  the 
velocity  of  light. 

One  of  the  most  complete  investigations  on  this  matter  was  con- 
ducted by  Professor  Trowbridge  and  Mr.  Duane.17     In  this  work  the 


Fio.  17.— EloDdlot's  Mode  of  Inductive  Coupling  of  an  Open  and  Closed 

Oscillation  Circuit. 

authors  set  up  a  nearly  closed  wire  circuit,  terminating  in  condenser 
plates  A,  B  (see  Fig.  18),  having  a  small  spark  gSp,  S^,  in  a  sym- 
metrical position  in  it.  The  terminal  plates  were  in  apposition  to 
two  other  condenser  plates,  G,  D,  which  formed  the  condenser  of  a 
secondary  oscillation  circuit.  Hence  the  two  circuits  were  connected 
electrostatically.  The  frequency  of  the  oscillations  was  then  adjusted 
until  stationary  electric  waves  formed  on  the  wire ;  the  median  point 
at  the  spark  gap  82  being  a  potential  node,  and  one  other  node  exist- 
ing on  each  side  of  it  between  the  central  node  and  the  terminal 
plates.  This  distribution  of  potential  is  indicated  by  the  dotted  lines 
in  Fig.  18.  By  photographing  the  secondary  spark  the  frequency  of 
the  oscillations  was  obtained,  and  by  measuring  the  distance  separat- 
ing the  two  nodes  lying  on  either  side  of  the  median  node  Sj  the 
semi-wave  length  was  obtained.  The  velocity  of  the  wave  then 
became  known.  The  mean  of  a  large  number  of  closely  concordant 
observations  gave  the  velocity  of  the  wave  along  the  wire  as 
3-003  X  1010  cms.  per  second.  This  is  very  close  to  the  best  deter- 
mination of  the  velocity  of  light. 

It  may  be  taken,  therefore,  as  definitely  proved,  both  by  theoretical 
reasoning  and  by  experiment,  that  the  velocity  with  which  an  electric 

^*  Blondlot,  Journal  de  PhyHque,  ser.  2,  vol.  x.  p.  649. 

*»  See  Trowbridge  and  Duane,  "On  the  Velocity  of  Electric  Waves,"  Phil. 
Mag.,  August,  1895,  ser.  5,  vol.  40,  p.  211 ;  also  see  J.  A.  Fleming,  "  The  Alternate 
Current  Transformer,"  voL  i.  8rd  ed.  p.  499. 
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disturbance  travels  along  a  straight  or  slightly  flexed  mejbal  wire  is 
equal  to  the  velocity  of  light. 

If,  however,  the  wire  is  closely  coiled  into  a  helix  we  have  to  treat 
the  helix  as  if  it  were  a  linear  conductor,  and  the  velocity  of  the  wave 
along  it  is  inversely  as  the  square  root  of  the  product  of  the  capacity 
and  inductance  of  the  helix  per  unit  of  length. 

7.  Oaoillatioiis  in  an  Earthed  AeriiJ  Wire. — A  case  of  great 
practical  importance  arises  when  we  consider  the  oscillations  set  up 
in  a  metal  rod,  like  a  lightning  conductor,  one  end  of  which  is  in  good 
connection  with  the  earth  and  the  rest  of  the  wire  is  free,  insulated 
and  placed  more  or  less  vertically  in  the  air.     This  wire  is  called  an 


L      y      c 


Pia.  18.— Trowbridge  and  Duane's  Experiments  on  the  Velocity  of  Electric 

Wave  Propagation  along  Wires. 


aerial  wire,  or  anUnna,  or  Marconi  a^ial,  and  is  the  essential  element 
in  telegraphy  by  electric  waves  on  the  Marconi  system. 

There  are  two  ways  in  which  we  may  set  up  the  oscillations  in 
this  vdre. 

I.  The  wire  may  be  cut  at  a  point  near  the  earth  and  two  spark 
balls  placed  at  this  point.  The  secondary  terminals  of  an  induction 
coil  are  then  attached  to  these  balls.  When  the  coil  is  in  action  the 
upper  part  of  the  wire  is  charged  to  a  high  potential  and  then  dis- 
charged across  the  air  gap.  Just  before  discharge  the  upper  portion 
of  the  wire  has  a  certain  capacity  with  regard  to  the  earth  and  takes 
a  certain  charge.  This  discharge  takes  place  across  the  spark  gap, 
and  as  the  spark  has  a  low  resistance  the  discharge  is  oscillatory,  but 
greatly  damped  by  reason  of  the  rapid  radiation  of  the  energy. 

The  condition  when  the  spark  is  passing  is  that  the  lower  end  of 
the  aerial  near  the  earth  is  at  zero  potential,  or  there  is  a  potential 
node  at  this  place.  Since,  however,  there  must  be  a  current  node 
at  the  upper  end  of  the  wire  there  must  be  an  antinode  of  potential 
there. 

It  is  easily  seen,  therefore,  without  more  calculation,  in  the  light 
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of  explanations  already  given,  that  the  fundamental  eleotrioal  oscilla- 
tion whioh  can  be  excited  on  the  wire  is  one  in  which  the  amplitude 
of  the  potential  increases  all  the  way  up  the  wire  from  the  earth  end 
to  the  summit. 

The  first  harmonic  oscillation  which  can  be  excited  is  one  having 
three  times  the  frequency  of  the  fundamental,  and  it  has  a  node  about 
one-third  of  the  length  of  the  aerial  from  the  top.  We  may  represent 
the  amplitude  of  the  potential  variation  by  the  ordinate  of  a  dotted  line 
and  the  aerial  itself  by  a  firm  line.    In  Fig.  19  the  thick  black  vertical 
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Fia.  19.— rDiagram  representing  the  Fundamental  (a)  and  Harmonic  (&),  (c),  (cQ 
Oscillations  of  Potential  on  a  Vertical  Earthed  Antenna. 


lines  represent  the  earthed  aerial  wire,  and  the  two  small  circles 
the  spark  balls,  the  lower  one  being  connected  to  an  earth  plate,  E. 
The  horizontal  distance  of  the  dotted  line  from  the  firm  line  represents 
in  diagrammatic  form  the  potential  variation  up  the  aerial.  If,  the 
oscillation  is  the  fundamental  oscillation,  then  the  potential  increases 
all  the  way  up  the  aerial  from  the  spark  balls  to  the  top.  If  the 
electric  oscillation  is  the  first  harmonic,  there  is  one  potential  node 
about  one-third  of  the  way  from  the  top.  If  the  oscillation  is  the 
second  harmonic,  there  are  two  potential  nodes  and  2^  semi-waves  of 
potential  on  the  wire.  Thus  we  have  the  distribution  of  potential,  as 
follows : — 


OMiLlatton  UUng  pUoe  on  the  aerial. 
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The  above  diBtributions  are  represented  in  Fig.  19.  The  dis- 
tribution of  ourrent  in  the  aerial  is  such  that  antinodes  of  current 
occur  at  the  same  places  where  nodes  of  potential  exist,  and  vice  versd. 

Thus  at  the  summit  of  the  aerial,  then,  is  a  node  of  current  or 
no  current  and  an  antinode  of  potential  or  a  maximum  potential 
variation.  At  the  base  or  earthed  end  there  is  a  node  of  potential  or 
no  potential,  but  an  antinode  of  current  or  a  maximum  value  of  the 
current.  Electric  current  is,  so  to  speak,  pumped  into  and  sucked 
out  of  the  earth  when  the  aerial  is  in  oscillation.  If  there  exist 
harmonic  oscillations,  then  the  current  at  different  points  in  the 
aerial  is  not  flowing  in  the  same  direction  at  the  same  time,  but  at 
two  adjacent  points  may  be  moving  in  opposite  directions. 

Analytically,  we  may  arrive  at  the  above  result  as  follows  : 
Eeferring  to  equations  (9)  and  (10),  §  2  of  this  chapter,  we  have 
the  expressions  for  the  potential  and  current  at  any  point  in  the  wire 
haying  abscissa  equal  to  x  when  traversed  by  electrical  oscillations. 
Let  us  suppose  that  B  and  S  are  negligible  in  value  compared  with 
pli  and  ^C,  then  we  have — 


V  =  «c+i^«  +  &c-i^ (68) 

I  ==  \/ jiae-^i^' -  be-J'^'')    ....     (69) 


•         • 


(70) 


If  aj  =  0,  as  at  the  lower  end  of  the  aerial,  then  V  =  0.  Hence 
d  =5  — «,  and  therefore — 

=  2a^y^coQ^x (71) 

If,  then,  a;  =  Z,  as  at  the  upper  end  of  the  aerial,  we  have  7=0, 
and  therefore  cos  ^l  =  0. 

Therefore, also,  we  must  have  jM  =  -^,  where  m  is  some  odd  integer. 
But  j3  =  -r-,  where  A  is  the  wave  length  of  the  potential  wave  on  the 

4:1 

aerial.    Accordingly,  A  =  — ,  and  the  wave  lengths  possible  on  the 

www 

aerial  are — 

.   Ao  =  4Z,      Ai  =  fZ,      Ag  =  J/,  etc (72) 

Therefore  the  fundamental  wave  length  is  four  times  the  length  of 
the  aerial,  and  the  higher  harmonic  oscillations  have  wave  lengths 
^1  h  V  ^^^'*  ^^  ^^^  fundamental.  If  this  simple  theory  held  good,  an 
aerial  100  feet  high  should  radiate  electric  waves  having  a  wave  length 
of  400  feet  when  the  fundamental  oscillations  are  set  up  on  it,  and 
waves  of  length  133  feet,  80  feet,  59  feet,  etc.,  corresponding  to  the 
higher  harmonic  oscillations.     Experiment,  however,  shows  that  the 
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ratio  ^  is  only  unity  for  a  single  long  very  thin  antenna  wire,  but 

that  for  a  thicker  wire  or  multiple  wire  the  ratio  j-  is  always  some- 
what greater  than  unity,  and  may  perhaps  reach  1*26.  According 
to  the  theory  of  stationary  oscillations  developed  by  Mr.  H.  M. 
Macdonald,  the  fundamental  wave  length  on  the  aerial  should  be 
600  feet  in  length,  or  the  quarter  wave  length  is  26  per  cent,  longer 
than  the  aerial.    Also  the  wave  length  of  the  first  harmonic,  instead 

41  .  71 

of  being  equal  to  ^,  is  equal  to  ^  according  to  Macdonald's  theory, 

4il 
and  the  wave  length  of  the  second  harmonic  is  -^  by  both  the  simple 

0 

and  more  complete  theories.    The  value  of  the  wave  length  tends 

4/ 
to  become  equal  to  .^  —  —  -ioT  the-;nth  harmonicas 

(2m  + 1) 

II.  The  wire  may  have  the  oscillations  induced  in  it  by  either  a 
two  coil  or  a  single  coil  oscillation  transformer. 

In  this  case  an  air  core  transformer  consisting,  say,  of  two  inter- 
linked circuits  has  one  circuit  inserted  in  the  aerial  wire  near  the 
base  between  the  aerial  and  the 
earth  (see  Fig.  20),  and  the  other 
circuit  has  a  condenser  and  spark 
baUs  included  in  it.  When  oscilla- 
tions are  set  up  in  the  condenser 
circuit  they  induce  others  in  the 
aerial  circuit,  and  the  two  circuits, 
open  and  closed,  may  be  brought 
into  resonance  with  each  other. 
This  is  called  the  inductive  coupling 
of  the  aerial  with  an  exciting 
circuit. 

The  electric  oscillations  must 
then  be  such  that  at  the  earthed 
end  of  the  oscillation  transformer 
circuit  in  series  with  the  aerial  we 
have  a  potential  node,  and  at  the 
summit  of  the  aerial  an  antinode 
or  maximum  of  potential. 

If  there  is  no  other  potential 
node  the  aerial  has  established  on 
it  its  fundamental  oscillation. 
The  practical  difficulty  is  to  ascer- 
tain the  equivalent  length  of  the 
transformer  secondary  circuit  in 
terms  of  the  length  of  the  aerial.  If,  for  instance,  the  vertical  aerial 
wire  itself  is  180  feet  in  height,  and  the  oscillation  transformer  con- 
nected to  it  consists  of  a  coil  having  a  primary  circuit  of  one  turn  of 
4  feet  in  total  length  in  circuit  with  the  condenser  and  spark  gap, 

i«  See  H.  M.  Macdonald,  **  Electric  Wayes,"  Adams  Prize  Essay,  1902,  p.  112. 


Fio.  20.— InductiTely  Ooapled  Antenna 
and  Condenser  Circuit.  I,  induction 
coil ;  Sp,  spark  balls ;  C,  condenser ; 
P,  primary  coil  of  oscillation  trans- 
former; S,  secondary  coil;  A,  an- 
tenna. 
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and  a  secondary  of  ten  turns  of  40  feet  in  total  length  in  series 
with  the  aerial  wire,  we  require  to  know  the  length  of  the  wave  of 
the  fundamental  oscillation  of  such  a  complex  aerial  wire. 

We  cannot  answer  this  question  unless  we  can  ascertain  what 
length  of  simple  straight  aerial  wire  earthed  at  the  bottom  would 
have  the  same  natural  period  of  oscillation  as  the  aerial  with  oscilla- 
tion transformer  inserted  in  it.  This  problem  may  be  dealt  with  by 
a  method  suggested  by  Mr.  Louis  Cohen  in  an  article  published  in 
the  Electrical  World  of  January  30th,  1915,  which  is  as  follows  : — 

Let  G^  be  the  total  distributed  capacity  of  the  aerial  wire,  and  L^ 
its  total  inductance.  Let  L^  be  the  inductance  of  the  oscillation 
transformer  or  other  coil  in  series  with  it,  the  capacity  of  which  may 
be  neglected. 

Then  let  G  and  L  be  the  capacity  and  inductance  per  unit  of 
length  of  the  aerial  wire,  and- let  /  be  its  length  or  height. 

If  then  V  and  i  are  the  potential  and  current  at  any  point  in  the 
wire  at  a  distance  x  reckoned  from  any  origin,  and  if  we  neglect  the 
resistance  and  leakance  of  the  wire  the  equations  (1)  and  (2)  of  this 
chapter  become  reduced  to 

«s=-s <") 

By  differentiation  of  (1)  and  (2)  we  can  separate  the  variables 
and  arrive  at  the  equations — 

fPi      d^ 

Lc^-*  =  — (75) 

dt^      dx^  ^    ' 

p  rf2r  _  d^v 

A  solution  of  these  equations  is — 
i  =  (Ai  cos  pt  +  Ag  sin  pf){fii  cos  qx  +  ^2  ^^^  9')     •     •     (77) 
V  =  >v/  p(Ai  sin  pt  —  A2  cos  pt){Bi  sin  gx  —  B2  cos  qx)     (78) 

provided  ^'  =  VLC ^"^^^ 

This  can  easily  be  proved  by  differentiation  of  (77)  and  (78)  and 
substitution  in  (75)  and  (76).  The  frequency  (n)  of  the  oscillations  is 
given  by  the  equation — 

^  _  7^ 9       _    _  ?L  /Qn\ 

"*  -  27r  -  27rVLC  ""  2WL1C1   '     '     '     '     ^^^ 

To  obtain  the  values  of  the  constants  A^,  A2,  B^,  Bj  in  (77)  and 
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(78),  we  take  as  origin  the  lower  end  of  the  aerial  wire  at  which  it  is 
connected  to  the  inductance  coil,  and  reckon  x  from  this  point 
upwards.    Hence  when  ;r  =  /  we  have  i  =  0,  and  when  j;  =  0  we 

have  v=  —  -^2^y>  because  then  v  is  equal  and  opposite  in  sign  to  the 

reactance  of  the  coil.  Substituting  these  values  in  (77)  and  (78),  we 
have — 

B^GOsql  +  Bzaingl  =  0 (81) 

B2v/^  +  Bii^Lg  =  0 (82) 

Hence,  eliminating  B2/B2  from  the  last  two  equations,  we  have — 

Gotql  =  pL^>y^    ...:.:     (83) 
In  virtue  of  (80)  we  can  write  (83)  in  the  form — 

^y  =  ^^^ (84) 

ql  h^ 

We  can  now  construct  a  table  which  shows  the  values  of  ql, 
cot  ql,  and  (cot  ql)/qlt  as  below — 


ql. 

Cotfi. 

CCot  ql)/ql. 

0 

00 

00 

01 

9-96 

99-6 

0-2 

4-93 

24-65 

0-3 

3*23 

10-77 

0-4 

2-37 

5-92 

0-6 

1*83 

3-65 

0-6 

1-461 

^•485 

0-7 

1-187 

1-696 

0-8 

0-971 

1-214 

0-9 

0-794 

0-882 

1-0 

0*642 

0*642 

1-1 

0-509 

0*463 

1-2 

0-389 

0-324 

1-3 

0-278 

0-214 

1  4 

0  1724 

0  123 

1-6 

0-0709 

0-047 

l-57=ir/2 

0- 

0- 

From  the  above  table  we  can  construct,  by  interpolation,  another 
table,  which  gives  us  the  value  of  ql  in  terms  of  the  ratio  Lg/L^ — 
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L,/L|. 

_ 

0- 

l'57  =  ir/2. 

0-05 

1  61 

0-10 

1*426 

0-20 

1  814 

0  80 

1-219 

0-40 

1-142 

0-60 

1-078 

0-60 

1-022 

0-70 

0-968 

0-80 

0-925 

0-90 

0*892 

1-00 

0-855 

1 

L,/L, 

ql. 

1-50 

0-785 

2-00 

0-660 

2-60 

0-59 

8-00 

0-646 

8-60 

0-610 

4-00 

0  476 

5  00 

0-480 

6-00 

0-40 

7-00 

0-870 

8-00 

0-360 

9-00 

0-825 

1000 

0-81 

25-00 

019 

Hence  we  can  obtain  the  natural  frequency  (n)  of  the  whole 
antenna  from  the  formula — 


w  = 


ji 

27r'v/LiCi 


(85) 


if  we  have  given  the  ratio  L2/L2,  and  look  out  the  corresponding 
value  of  ql  in  the  previous  table.  The  radiated  wave  length  A  in 
kilometres  is  obtained  by  dividing  the  frequency  n  by  300,000. 

We  cannot,  in  such  a  case,  consider  that  the  total  equivalent 
inductance  of  the  antenna  is  obtained  by  adding  together  that  of  the 
aerial  wire  (L^)  and  that  of  the  oscillation  coil  (Lj)  in  series  with  it, 
and  then  assume  that  the  frequency  would  be  given  by  the  formula — 


n  = 


2  VCi(L~+  L2) 
or  which  is  the  same  thing  by 


•    (86) 


n  = 


V- 


^WCilji       Li  +  Lj 


(87) 


For  these  formulae,  (86)  and  (87),  would  give  a  value  for  the  fre- 
quency less  than  the  true  value  given  by  (85).  Thus,  if  we  assume 
that  the  aerial  wire  has  an  inductance  L^  =  100,000  cms.,  and  the 
oscillation  transformer  coil  an  inductance  Lg  =  50,000  cms.,  then  the 
value  of  L2/L^  is  0*5,  and  the  value  of  ql  is  1*078.    On  the  other 

hand,  the  value  of  \/Li/V(I'i  +  ^-'2)  ^^  0*812,  and  the  result  would 
be  nearly  27  per  cent,  too  small. 

Therefore  a  large  error  would  be  committed  by  employing  formula 
(86)  instead  of  (85). 

Since  we  can  determine  experimentally  by  the  cymometer  !•  the 
wave  length  of  the  wave  emitted  by  any  antenna,  we  can  determine 
the  frequency  by  dividing  this  wave  length,  reckoned  in  metres,  into 
the  wave  velocity  in  metres,  viz.  3  X  10^,  and  the  reciprocal  of  this 

^*  For  a  description  of  the  cymometer  and  method  of  using  it,  see  Chap.  VI. 
of  this  Treatise. 
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frequency  will  give  us  the  value  of  {^^ny/(j^hy)lql.  Hence,  if  we  cal- 
culate from  the  dimensions  of  the  aerial  wire  its  capacity  G^  and 
inductance  L^  by  the  aid  of  the  formulsB  given  in  Chap.  IL,  we 
have  the  means  of  finding  the  value  of  ql^  and  therefore  of  Tj^I^v 
from  the  above  tables. 

We  can  therefore  determine  the  effective  inductance  of  the  jigger, 
or  coil,  in  series  with  the  aerial  wire. 

In  making  this  measurement  we  must,  however,  be  sure  that  the 
oscillations  excited  on  the  aerial  wire  are  the  fundamental  ones. 

In  all  cases  in  which  we  have  distributed  capacity  and  inductance 
along  a  wire  it  is  possible,  as  we  have  already  shown,  to  excite  har- 
monic oscillations.  If,  however,  one  end  of  the  jigger,  or  other  coil 
in  series  with  the  aerial  wire,  is  earthed,  then  that  end  will  always  be 
at  zero  potential,  or  will  be  a  potential  node  and  current  antinode  or 
loop.  On  the  other  hand,  the  free  or  upper  end  of  the  aerial  wire 
will  be  a  potential  antinode  or  loop,  but  a  current  node.  Subject, 
however,  to  this  condition,  it  is  possible  to  excite  on  the  aerial  wire 
not  only  the  fundamental  oscillation,  but  "also  the  first  and  higher 
harmonic  oscillation.    In  Fig.  21  the  amplitude  of  these  potential 
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Fig.  21.— Fandamental  and  Harmonio  OsoillationB  of  Potential  excited  on  an 

Inductively  Coupled  Antenna. 

oscillations  for  the  fundamental  and  first  two  harmonics  is  repre- 
sented by  the  distance  of  the  dotted  line  from  the  black  Hne,  denoting 
the  aerial  wire. 

An  experimental  examination  of  the  relation  of  the  lengths  of 
wave  emitted  by  a  plain  antenna  to  its  length  has  been  made  by 

M.  Ferris  (see  M.  G.  Tissot, ''  !^tude  de  la  Resonance  des  Syst^mes 
d'Antennes  dans  la  Telegraphie  sans  fils."  Gauthier-Yillars.  Paris, 
1906).«o 

>•  See  also  M.  Ferris,  Cofwpiei  Rendus,  1908,  p.  128 ;  or  Jour,  Soc,  Franc,, 
Phys.,  April  8, 1904. 
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M.  Ferris  has  given  some  measurements  taken  for  different 
antennae.     Thus,  for  instance,  for  single  wires,  20  to  30  metres  in 

length,  the  ratio  of  --  ,  where  A  is  the  wave-length  and  h  the  antenna 

length,  is  always  rather  less  than  unity.  For  branched  antennas  it  is 
greater  than  unity,  103  to  1'16  or  more.  The  ratio  increases  with 
the  number  of  branches  and  with  their  separation.  It  may  amount 
to  1-27  or  1*3  for  a  many-branched  antenna. 

For  a  single  antenna  the  above  ratio  tends  to  unity  as  the  diameter 
of  the  wire  decreases. 

If  the  antenna  is  inductively  excited  and  has  the  secondary  circuit 

of  an  oscillation  transformer  inserted  in  it,  then  the  ratio  of  —  may 

4A 

be  much  greater  than  unity,  jrising  to  a  value  of  1-7  or  even  2. 

M.  Tissot  {loc.  cit.)  points  out  that  the  decrement  or  damping  of 

the  oscillations  in  an  antenna  in  which  they  are  excited  by  a  spark 

discharge  increases  with  the  increase  in  the  ratio  of   . , .    Hence,  not 

4A 

only  is  the  above  fraction  larger  for  a  branched  than  for  a  single  wire 

antenna,  but  the  damping  or  radiation  decrement  of  the  branched 

antenna  is  larger  than  for  the  single  wire  antenna,  both  being  excited 

in  the  same  paanner  by  charge  and  discharge  across  a  spark  gap. 

The  ratio  between  the  wave  length  A  emitted  by  a  linear  oscillator 
of  Hertzian  type  of  length  I  has  been  the  subject  of  both  theoretical 
and  experimental  investigations. 

Professor  H.  M.  Macdonald  in  1902  deduced  mathematically  the 
relation  X/l  =  2-53  for  the  fundamental  oscillation  of  a  thin  linear 
oscillator.2i 

Lord  Eayleigh  showed  that  for  a  thin  wire  the  ratio  must 
approximate  to  2*0.22 

J.  A.  Pollock  gave  a  list  of  experimental  measurements  which 
vary  between  2-6  and  20.23  Thus  Willard  and  Woodman  give  2*48, 
Cole  2-52,  Blake  and  Fountain  247,  Webb  and  Woodman  2-3. 
Ives,  however,  found  2-04,  and  Anderson  and  Scarr  2*01. 

The  ratio,  however,  depends  on  the  dimension  ratio  of  the  rod. 

M.  Abraham  obtained  a  formula  for  the  ratio  X/l  for  an  elUpsoidal 
oscillator  having  a  major  axis  of  length  /  and  minor  axis  of  length  2b 
as  follows : 

X/l  =  2(1  +  5-6«2) 

where  -  _  4  log«  -r 

e  0 

For  a  thin  rod  the  ratio  approximates  to  2*0  as  stated  by  Bayleigh 
and  by  Pollock. 

*i  See  H.  M.  Macdonald,  '*  Electric  Waves,"  1902,  p.  111. 
"  See  Lord  Rayleigh,  Phil,  Mag.,  1904,  vol.  viii.  p.  105,  or  1913,  vol.  xxv. 
p.  1. 

"  J.  A.  Pollock,  Phil.  Mag,,  1916,  vol.  xxi.  p.  96. 


CHAPTER  V 

ELECTRIC  RADIATION 

1.  The  Eleotroma^etio  Medium  and  its  Ppoperties.— The  fact 
that  electric  oscillations  produced  in  one  circuit  can  set  up  secondary 
oscillations  in  another  circuit  at  a  distance  forces  upon  us  the 
consideration  of  the  nature  of  the  machinery  hy  which  this  is 
effected. 

Notable  investigators  of  natural  phenomena,  from  Newton  to 
Maxwell,  have  strongly  expressed  their  conviction,  that  actions  of 
this  character  make  it  necessary  for  us  to  postulate  some  intercon- 
necting medium,  or  else  we  have  to  take  refuge  in  the  bare  assump- 
tion, repugnant  alike  to  common  sense  as  well  as  philosophic  thought, 
that  physical  effects  can  be  produced  at  a  distance  without  the  aid 
of  any  intervening  mechanism.  In  his  well-known  second  letter  to 
Bentley,  Newton,  writing  on  the  attraction  of  matter,  said 

"  that  gravity  should  be  innate  and  essential  to  matter,  so  that  one  body  can  act 
npon  another  at  a  distance  through  a  vacuum  without  the  mediation  of  anything 
else  by  which  their  action  may  be  conveyed  from  one  to  another,  is  to  me  so 
great  an  absurdity  that  I  believe  no  man  who  has  a  competent  faculty  of  thinking 
in  physical  matters  can  ever  fall  into  it." 

The  propagation  of  light  with  a  finite  velocity  through  interstellar 
space  has  compelled  us  to  accept  the  hj^thesis,  with  some  consider- 
able body  of  arguments  in  its  favour,  that  space  is  occupied  by  a 
medium  called  the  aether,  capable  of  transmitting  undulations,  which, 
when  falling  on  the  retina  of  the  eye,  produce  the  sensation  of  light. 
Ampere,  Earaday,  Henry,  and  others,  moreover,  long  ago  arrived  at 
the  conclusion  that  electric  and  magnetic  phenomena,  especially  the 
fsusts  of  electric  and  magnetic  induction,  demanded  also  the  assumption 
of  a  special  medium  for  their  explanation.  Maxwell  has  remarked 
that  it  is  clearly  unphilosophical  to  postulate  more  than  one  sether. 
Hence  the  work  done  by  Huyghens,  Arago,  !bVesnel  and  their  followers 
in  consistently  deducing  observed  optical  effects  from  the  assumed 
properties  of  the  luminous  aather  called  for  a  corresponding  definite 
effort  on  the  part  of  electricians.  The  work  began  when  Clerk 
Maxwell  took  up  the  study  of  Faraday's  experimental  researches, 
and  endeavoured  to  discern  whether  the  ideas  of  Faraday,  which  were 
then  not  in  accord  with  current  views,  were  capable  of  being  trans- 
lated into  mathematical  language,  and  made  the  foundation  of  a  new 
method  of  regarding  electrical  facts. 

The  publication  in  1866  of  James  Clerk  Maxwell's  paper,  "  A 
Dynamical  Theory  of  the  Electromagnetic  Field,"  marks  a  great  epoch 
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in  the  history  of  scientific  thought.^  In  that  paper  Maxwell  applied 
to  the  facts  of  electromagnetism  certain  equations  and  methods  of 
analysis  which  the  French  mathematician,  Joseph  Louis  Lagrange, 
had  employed  in  formulating  the  dynamical  relations  of  the  kinetic 
and  potential  energies,  the  velocities  and  momenta  of  various  parts  of 
any  system  of  interconnected  moving  material  masses.  Maxwell  saw 
that  in  electric  and  magnetic  actions  we  have  energy  involved,  and 
that  this  energy  takes  two  forms,  electrostatic  and  electrokinetic,  which 
have  a  close  similarity  to  energy  of  strain  and  motion.  Moreover, 
the  interconvertibility  of  various  forms  of  energy,  and  the  fact  that 
we  can  invaluate  them  in  their  equivalent  in  motional  energy,  whilst 
indicating  that  all  energy  is  probably  in  the  ultimate  issue  kinetic 
in  nature,  affords  at  the  same  time  logical  ground  for  applying  the 
methods  of  Lagrange  to  the  phenomena  of  electricity  and  magnetism. 

The  systematic  examination  that  has  been  made  of  the  relations  of 
the  electric  and  magnetic  quantities  shows  us  that  we  can  co-ordinate 
them  in  a  scheme  of  related  magnitudes,  each  one  corresponding  to 
some  well-known  dynamical  equivalent.  Thus,  corresponding  to  the 
fundamental  dynamical  quaniaties,  e.g,  mass,  velocity,  acceleration, 
momentum,  force,  energy,  and  activity  or  power,  we  can  place  in 
contiguity  such  electrical  quantities  as  inductance,  current,  rate  of 
current  change,  total  magnetic  flux,  electromotive  force  of  self- 
induction,  current  energy,  and  rate  of  dissipation  of  current  energy. 
In  parallel  with  mechanical  quantities  such  as  stress,  strain,  elastic 
yielding,  strain  energy,  we  can  place  analogous  electric  and  magnetic 
quantities  such  as  electric  and  magnetic  forces,  displacement  or 
magnetic  flux,  dielectric  constant  or  magnetic  permeability,  and 
electric  or  magnetic  energy. 

We  may  as  Heaviside  and  other  writers  have  shown,  draw  up 
many  consistent  schemes  of  analogy  between  mechanical  and  electro- 
magnetic quantities,  but  we  must  beware  of  enslaving  ourselves  to  any 
one  particular  set  of  mechanical  similarities.  Analogies  of  this  kind 
are  often  like  mountain  paths,  which  begin  in  well-beaten  routes,  but 
sooner  or  later,  if  followed  up  too  far,  terminate  in  a  barren  region. 
There  remains,  however,  the  fact  that  corresponding  to  two  well- 
recognized  forms  of  mechanical  energy,  namely,  motional  energy 
measured  by  half  the  product  of  momentum  and  velocity,  and  con- 
figurational  energy  measured  by  half  the  product  of  stress  and  strain, 
we  have  a  duplex  system  of  electric  and  ^magnetic  quantities  which 
are  for  the  most  part  circuital  or  manifested  in  circuits.  Thus  we 
have  two  circuits^  the  electric  and  magnetic ;  two  physical  effects  pro- 
duced in  these,  electric  strain  or  displacement  (D)  and  magnetic  flux 
(Y) ;  two  agencies  producing  these  effects,  the  electric  and  magnetic 
lorces;  two  specific  physical  qualities  of  the  circuits  corresponding 
thereto,  namely,  dielectric  constant  and  magnetic  permeability,  or,  as  Mr. 
Oliver  Heaviside  calls  them,  permittivity  and  inductivity ;  two  line 
integrals  of  electric  and  magnetic  force  called  respectively  voltage  (V) 
and  gaussage  (G) ;  two  forms  of  energy ^  electric  and  magnetic ;  and  two 
corresponcUng/(7rm«  of  activity  or  power. 

^  Maxwell  sent  this  paper  to  the  Boyal  Sooiety  on  October  12, 1864.  It  was 
read  on  December  8, 1864,  and  printed  in  the  Philosophical  Transactions  of  the 
Boyal  Society  for  1865,  vol.  155,  p.  419. 
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Moreover,  we  have  a  curious  interlinking  of  these  quantities  when 
circuital,  best  expressed  by  two  circuital  laws  which  symbolically  and 
in  rational  units  are  stated  as  follows  ^ : — 

—  P  =  V  and  I)  ==  G. 

where  the  dot  over  the  S3naibol  signifies  time  differentiation,  or    -. 

The  first  of  these  equations  is  merely  the  symbolical  expression  of 
Earaday's  law,  that  the  electromotive  force  or  line  integral  of  electric 
force  round  any  circuit  is  numerically  equal  to  the  time  rate  of  decrease 

of  the  magnetic  flux  through  it  ( — 1^\  and  the  second  is  the  simplest 
expression  of  Maxwell's  principle  that  the  time  rate  of  change  of 

electrical  displacement  (D)  through  any  circuit  is  measured  by  the 
gaussage  or  line  integral  of  magnetic  force  round  the  circuit. 

In  cases  when  the  circuits  are  formed  of  certain  kinds  of  matter 
we  have  also  to  introduce  two  other  conceptions,  namely,  electric 
current  and  magnetization,  which  are  produced  when  the  two  circuits 
possess  conductivity  or  svscepUhility,  and  when  these  qualities  are 
present  the  fundamental  equations  take  a  more  general  form,  which, 
expressed  by  Heaviside  in  rational  units,  are — 

—  (F  +  M)  =  V  and  Q  +  b  =  G, 

where  M  stands  for  magnetization,  and  Q  for  a  quantity  of  electricity 
moved  non-elastically  past  any  section  of  the  circuit.^ 

Out  of  this  double-stranded  system  of  interlinked  quantities  and 
their  fundamental  relations,  it  follows  that  in  considering  the  measure- 
ment of  any  one  electric  or  magnetic  quantity  we  can  arrive  at  the 
same  point  by  two  paths,  starting  either  from  an  electric  or  magnetic 
definition.  Thus,  we  may  consider  an  electric  current  to  be  due  to  a 
series  of  successive  discharges  of  electric  strain  by  a  conductor,  or 
we  may  consider  it  to  arise  from  the  movement  of  a  magnet  to  or 
from  a  closed  conducting  circuit.  In  the  one  case  our  measure  of 
current  involves  the  quantity  E  or  the  dielectric  constant  of  the 
medium  in  which  the  electric  strain  takes  place.  In  the  other  case 
it  involves  /i,  or  the  magnetic  permeability  of  the  medium  which 
encloses  the  magnet  and  the  circuit. 

In  every  case  in  which  this  double  measurement  of  the  same 
quantity  can  be  carried  out,  the  numerical  ratio  of  the  two  measure- 
ments when  conducted  in  absolute  or  dynamical  units  gives  us  a 
number  which  it  can   be  shown  represents  either  the   geometrical 

mean  of  K  and  /i,  viz.  V/^K,  or  its  reciprocal  /-^>  or  their  squares 
/LiK  and  -  ^.    In  other  words,  it  gives  us  a  numerical  value  for  the 

*  For  a  faller  infonnation  of  Mr.  HeaTiside's  system  of  rational  electric  and 
magpietic  units,  the  reader  mnst  be  referred  to  his  book,  "Electromagnetic 
Theory,"  voL  i.  chap.  ii. 

*  The  STstematic  formulation  of  these  circuital  laws,  as  well  as  a  fuller  appre- 
ciation ana  elucidation  of  Maxwell's  views,  have  been  assisted  of  late  years  in  a 
remarkable  degree  by  the  writings  of  Mr.  Oliver  Heaviside. 
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product  of  these  two  qualities,  but  it  does  not  tell  us  their  individual 
values  for  any  medium.^ 

An  immense  number  of  investigations  in  the  last  fifty  years 
have  shown  that  the  product  /xK  in  the  centimetre-gramme-second 
system  of  absolute  units  for  air  or  a  good  vacuum  closely  approximates 

to  a  value  Q r^^  and  is  identical  numerically  with  the  square  of  the 

reciprocal  of  the  velocity  of  light.  This  numeric  3  X  IQio  will  be 
hereafter  denoted  by  the  symbol  u.  A  list  of  some  of  the  principal 
determinations  of  this  unitary  ratio  called  u,  obtained  prior  to  1897, 
is  given  in  Table  I. 

A  r^sum^  of  all  determinations  of  the  value  of  u  previous  to  1900 
was  prepared  by  H.  Abraham  for  the  International  Congress  of 
Physics  which  met  at  Paris  in  that  year  (see  Congres  International  de 
Fhp/fique,  1900,  Rapports  IL  p.  247).  Abraham  states  that  he 
considers  the  most  accurate  results  to  be  as  follows : — 

Himstedt 3-0067  X  iQi* 

RoBa 8-0000  x'lQi^ 

Thomson  and  Searle 2*9960  X  lO^* 

H.  Abraham 2-9918  X  lO^* 

Pellat 8-0092  X  10i» 

Hurmuzesou 80010  X  10* • 

Perot  and  Fabry 29978  X  lO^^ 


Mean  value 80001  X  10^ 


0 


Abraham  considers  that  this  mean  of  the  best  results,  viz.  3  X  lO^^^, 
probably  does  not  differ  from  the  true  value  by  jnore  than  1  part  in 
1000.  The  most  recent  result  is  that  of  E.  B.  Bosa  and  N.  E.  Dorsey 
(see  Bulletin  of  the  Bureau  of  Standards,  Washington,  U.S.A.,  May  20, 
1907,  vol.  3),  which  gave  the  value  2-9963  X  lOio. 

The  above  values  are  all  values  in  air,  but  if  expressed  for  vacuum 
require  to  be  increased  by  56  parts  in  1,000,000. 

A  glance  at  the  above  table  shows  that  the  numercial  value  of  u  or  of 

.  —for  air  or  vacuum  is  nearly  identical  with  that  of  the  velocity 

of  light  through   empty  space  when  measured  in  centimetres   per 
second. 

The  best  measurements  of  the  velocity  of  light  are  those  of — 

^  cms. 
Michelson  (1886) =  2-99868  X  lO^*  ^- 

Newcomb  (1883) =  299860  X  10i«     „ 

Perrotin  (1902) =  2-99860  X  lO^^    „ 

Weinberg,  discussing  the  results,  comes  to  the  conclusion  that  the 

most  probable  value  of  the  velocity  of  light  in  vacuo  is  2*99852  X  lOio 

cms 

— -  with  an  accuracy  of  1  part  in  10,000. 

sec. 

Hence  we  may  say  that  the  unitary  ratio  expressed  in  the  same 

*  For  a  more  complete  discussion  of  this  matter,  the  reader  is  referred  to  the 
author's  treatise  on  "  The  Alternate  Current  Transformer,"  vol.  i.  p.  364  (The 
Electrician  Printing  and  Publishing  Company,  London). 
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units  of  length  and  time  is  identical  with  the  velocity  of  light  within 
1  part  in  about  3000. 

The  fact  that  the  ratio  between  electric  and  magnetic  quantities 
measured  on  two  systems  is  so  closely  connected  with  the  numerical 
value  of  the  velocity  of  light,  is  a  strong  argument  that  there  must  be 
some  common  basis  for  optical  and  electromagnetic  phenomena. 


TABLE  I. 
Tablb  or  Observbd  Valuss  ov  u  m  Gentihbtbbs  peb  Sboond. 


Electric 

u  in  oenti- 

Tear. 

Name. 

Raferance.                          qniutity 

metresper 
second. 

Weber  and  Kohl- 

meuurad. 

1856 

Electrodynamiaehe  Maas- 

Quantity 

8-107  X  10i» 

rausch 

bestimmungen  und  Pogg. 
Ann,,  zoix.,  Ang.  10»  1856 

1867 

Lord  Kelvin  and 

"Report  of  British  Associ- 

Potential 

2-81    X  10" 

1868 

W.  P.  King 

ation,  1869,"  p.  484 ;  and 
'*  Reports  on  Electrical 
Standards,"    P.  Jenkin, 

p.  186 

1868 

Clerk  MaxweU 

Phil,    Tram,   Boy.   Soc., 
1868,  p.  648 
PkU,  Trans,  Bay,    Soc,, 

»» 

2-84    X  10" 

1872 

Lord  Kelvin  and 

it 

2-89    X  10" 

DugaldMoKichan 

1873,  p.  409 

JoumaL  of  the  Society  of 
Telegraph  Engineers,  vol. 

1878 

Ayrton  and  Perry 

Capacity 

2-94    XlO" 

viii.  p.  126 

1880 

Lord  Kelvin  and 
Shida 

Phil,  Mag.,  1880,  vol.  x. 
p.  431 

Potential 

2-955  X  10i» 

1881 

Stoletow 

Soc,  Franc,  de  Phys,,  1881 

Capacity 

2-99    XlOi» 

1882 

P.  Ezner 

Wien,  Ber,,  1882 

Potential 

2-92    X  10" 

1888 

J.  J.  Thomson 

Phil,    Trans,   Boy,   Soc., 
1883,  p.  707 

Capacity 

2-963  X  10" 

1884 

Klemencic 

Proc.  of  the  Soc,  of  Tele- 
graph   Engineers,   1887, 
p.  162 

»> 

3019  X  10" 

1888 

HiiriBtedt 

Electrician,  Mar.  23, 1888, 
vol.  XX.  p.  530 

»* 

3007  X  10" 

1888 

Lord  Kelvin,  Ayr- 
ton  and  Perry 

British  Association,  Bath; 
and  Electrician,  Sept.  28, 
1888 

Potential 

2-92    XlO" 

1888 

Piflon 

Electrician,    vol.   xxi.   p. 
215 ;  and  Proc.  Phys,  Soc., 
London,  June  9,  1888 

Capacity 

• 

2-965  X  10" 

1889 

Lord  Kelvin 

Royal  Institution  Lecture, 
Peb.  8, 1889 

Potential 

3-004  X  10" 

1889 

Rowland 

Phil.  Mag.,  1889 

Quantity 

2-981  X  10i» 

1889 

E.  B.Rosa 

Phil.  Mag.,  1889 

Capacity 

3-000  X  10i» 

1890 

J.  J.Thomson  and 

Phil.  Trans.,  1890 

11 

2-995  X  10" 

Searle 

1 

1897 

M.  E.  Maltby 

Wied.  Ann.,  1897 

Alternating 

3016  X  10i« 

currents 

Since  light  is  propagated  from  place  to  place  with  a  finite  velocity, 
and  as  the  facts  of  interference  prove  it  to  be  a  wave  motion,  theorists 
had  been  compelled  to  assume  the  existence  of  a  space-filling  medium 
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possessing  two  qualities — first,  iixeriia,  in  virtue  of  which  kinetic 
energy  is  exhibited  by  parts  of  the  medium  in  motion,  and  secondly 
an  elastic  resistance  to  strain  or  distortion  of  some  kind,  in  consequence 
of  which  potential  energy  is  stored  up  in  the  distorted  medium,  these 
two  properties  being  the  essential  qualities  of  a  medium  capable  of 
undulation. 

The  study  of  physical  optics  resolved  itself,  then,  into  a  dynamical 
analysis  of  the  phenomena,  and  efforts  to  explain  them  by  the  hypo- 
thesis of  an  ffither  possessing  inertia  and  capable  of  some  elastic 
distortion  in  virtue  of  which  waves  could  be  propagated  through  it. 

Maxwell's  electromagnetic  theorv  starts  from  a  more  general 
point  of  view.  We  know  nothing  aoout  the  inner  structure  of  the 
asther  or  the  kind  of  distortions  it  can  experience.  We  do,  however, 
know  that  in  a  dielectric,  even  empty  space,  we  have  present  at 
any  point  the  two  qualities  permeability  and  dielectric  constant  or 
inductivity,  and  also  that  in  electric  and  magnetic  phenomena  we  are 
concerned  with  two  physical  effects,  called  respectively  magnetic  flux 
and  electric  displacement  or  strain.  When  these  conceptions  and 
the  fundamental  relations  of  the  electric  and  magnetic  quantities  had 
been  mathematically  expressed,  Maxwell  found  that  they  led  to 
equations  of  the  same  type  and  form  as  those  iwhich  express  the 
propagation  of  an  undulation  through  a  continuous  medium,  and  they 
indicated  that  if  the  effects  we  call  magnetic  flux  or  electric  displace- 
ment are  created  at  one  point  in  space  they  are  propagated  in  all 
directions  with  the  velocity  of  light  in  that  dielectric. 

Starting  from  fundamental  electric  and  magnetic  facts,  it  has 
been  found  possible  to  build  up  a  theory  which  embraces  not  only 
electrical  but  optical  phenomena,  and  shows  them  to  be  manifestations 
of  the  properties  of  one  single  medium,  modified,  however,  profoundly 
in  certain  localities  by  the  presence  of  that  which  we  will  call  gravi- 
tative  matter.  This  comprehensive  theory  is  generally  known  as 
Maxwell's  theory,  and  it  will  be  necessary  to  consider  it  at  least  in 
outline. 

Broadly  speaking,  it  may  be  held  to  be,  that  there  exists  a  space- 
filling sBther  or  medium,  not,  as  far  as  we  know,  composed  of  gravita- 
tive  matter,  the  principal  qualities  it  possesses  being  those  in  virtue 
of  which  two  physical  states  can  be  established  in  it,  one  called 
Electric  Strain  and  the  other  Magnetic  Flux.  From  the  known  rela- 
tions between  these  states  it  can  be  shown  that  when  either  of  them 
is  established  in  one  place  it  will  spread  or  diffuse  with  a  velocity 
equal  to  that  of  light.  The  inference  is  that  optical  phenomena  are 
electromagnetic  in  nature,  and  must  be  interpreted  in  terms  of  the 
known  electric  and  magnetic  properties  of  dielectrics,  and  not  by  the 
assumption  of  mechanical  qualities  which  cannot  be  verified. 

2.  Maxwell's  Theory  of  Eleotpomagnetio  Phenomena— Since 
electric  and  magnetic  forces  are  vector  quantities  having  direction  as 
well  as  magnitude  at  every  point  in  the  electric  and  magnetic  field, 
and  since  they  are  obviously  related  to  each  other,  we  must  in  the 
first  place  consider  some  qualities  of  vectors  generally. 

Let  us  suppose  any  closed  curve  described  in  a  region  in  which 
there  is  a  distribution  of  a  certain  vector  quantity,  E.  Divide  the 
curve  up  into  elements  of  length,  ds^  and  at  every  point  of  the  curve 
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resolve  the  vector  E  denoting  the  quantity  considered  at  that  point 
into  components  along  these  elements  of  length.  Then  the  sum  or 
integral  of  all  such  quantities  as  E  cos  Ods,  where  0  is  the  angle 
between  the  direction  of  ds  and  the  direction  of  the  vector  E  at  its 
centre,  is  called  the  line  integral  of  E  along  the  curve.  In  taking  this 
integral,  the  sign  of  the  product  must  be  reckoned  positive  when 
the  direction  of  the  vector  is  in  the  same  direction  as  the  movement 
round  the  curve,  and  negative  when  it  is  against  it.  In  many  cases 
this  line  integral  round  a  closed  curve  drawn  in  the  field  is  zero,  and 
the  vector  is  then  said  to  have  a  potential. 

Thus  if  E  denotes  the  electric  force  in  the  electric  field  near  an 
electrified  body,  and  if  /E  cos  dde  is  zero  for  any  closed  curve  drawn 
in  the  field,  then  the  electric  force  is  said  to  be  derived  from,  or  to 
have  a  potential. 

In  other  cases  this  line  integral  may  not  be  zero,  but  have  a  finite 
value  independent  of  the  form  of  the  path,  which  is  increased  n  times 
by  taking  the  line  integral  n  times  round  the  circuit.  This  is  the 
case  with  the  magnetic  field  round  a  conductor  conveying  an  electric 
current ;  for  if  the  conductor  carries  a  current,  G,  the  line  integral  of 
the  magnetic  force  taken  along  a  line  embracing  the  circuit  can 
easily  be  shown  to  be  equal  to  ^HG  for  a  single  journey  round,  and  to 
47mC  for  n  journeys  round  the  closed  line.  The  vector  is  then  said 
to  have  a  manf/'Valtied  potential. 

On  the  other  hand,  the  line  integral  may  have  a  value  which  is 
dependent  upon  the  form  of  the  path.  If  the  area  enclosed  by  the 
path  is  small  and  lies  in  one  plane,  the  ratio  of  the  quotient  obtained 
by  dividing  the  line  integral  by  the  area  of  the  path  may  have  a  finite 
limit,  and  in  this  case  the  limiting  value  is  called  the  curl  of  the  vectar 
in  thai  plane. 

At  any  one  point  in  the  field  there  is  some  plane  in  which  this 
ratio  is  a  maximum,  and  this  maximum  value  is  generally  called  the 
curl  of  the  vector. 

A  curl  is  itself  a  vector,  and  may  be  resolved  into  component 
curls.  Very  often  the  curl  has  a  physical  meaning  with  respect  to 
the  original  vector  which  gave  rise  to  it. 

Thus  it  can  be  shown  that  if  the  vector  considered  is  the  velocity 
of  the  particles  of  a  liquid  mass  at  various  points,  then  the  curl 
denotes  twice  the  angular  velocity  with  which  a  very  small  sphere  of 
the  liquid,  which  may  be  supposed  to  enclose  and  coincide  with  the 
particle  considered,  is  rotating. 

Suppose  we  consider  any  vector,  E,  which  has  rectangular 
components,  X,  Y,  and  Z,  along  three  rectangular  axes,  x,  y,  and  z. 

li,  then,  we  describe  a  little  rectangle  on  each  co-ordinate  plane, 
and  take  the  line  integral  round  it,  we  shall  obtain  the  rectangular 
component  of  the  curl.  Thus  on  the  plane  of  xg  we  have  the  line 
integral  round  the  parallelogram  dx  .  dg  with  one  comer  at  the  origin 
given  by — 

Xdx  +  {Y+'^^dx)lg  -  (x+'^dgyx  -  Ydg 
which  is  equal  to      I- }"  V-^  * ^1/ 
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The  above  conclusion  follows  at  once  from  Taylor's  theorem  that 
if  y  is  the  ordinate  at  any  curve  at  abscissa  x^  then  the  ordinate 

corresponding  to  abscissa  x-\-dx\&y  -^^  ^dx.    Hence  the  component 

-z 75~  )»  ^^^  similarly  the  component 

curls  in  the  planes  yz  and  zx  are  respectively — 

(dZ_dT\  /dK_dZ\ 

\dy       dz)  \dz      dxJ 

There  is,  then,  a  connection  between  a  vector  and  its  curl,  the 
statement  of  which  constitutes  an  important  theorem.  If  we  have 
any  surface  bounded  by  any  line  described  in  a  field  in  which  a 
certain  vector  quantity  is  distributed,  we  may  cut  up  this  surface 
into  small  elements  of  area.  It  follows  by  the  above  definition  of 
the  curl  that  the  product  of  the  curl  for  each  element  of  area  and  the 
size  of  that  area  is  equal  to  the  line  integral  of  the  vector  round  the 
boundary  of  the  element.  Hence  if  we  take  the  line  integrals  round 
all  the  elements,  the  line  integral  for  each  common  boundary  of  any 
pair  of  elements  of  the  area  is  taken  twice,  once  negatively  and  once 
positively,  and  the  products  cancel  each  other.  Accordingly,  it  is 
easy  to  see  that  ths  line  integral  of  a  vector  round  the  boundary  of  the 
whole  of  the  surface  is  equal  to  the  surface  integral  of  its  curl  over  the 
whole  of  the  surface. 

Conversely,  if  this  relation  holds  good  between  two  quantities,  viz. 
that  the  line  integral  of  one  is  equal  to  the  surface  integral  of  the 
other,  we  are  enabled  to  recognize  by  it  that  the  one  quantity  bears 
to  the  other  the  relation  of  vector  and  corresponding  curl. 

Let  us  consider,  then,  the  relation  between  the  electric  and 
magnetic  forces  and  their  effects,  viz.  the  electric  displacement  and 
magnetic  flux.  Let  E  be  the  electric  force  at  any  point  in  a  dielectric 
and  H  the  magnetic  force.  Let  D  be  the  corresponding  electric  strain 
or  displacement  and  B  the  magnetic  flux.  Then  in  the  ordinary 
system  of  units  we  have — 

B  =/xH (1) 

°=b (2) 

where  /x  is  the    magnetic  permeability  and    K  is  the    dielectric 
constant.^ 

If,  then,  we  describe  any  closed  line  in  a  conductor,  and  make  the 
inagnetic  flux  through  it  vary  with  time,  we  have  produced  in  the  circuit 
an  electromotive  force.  In  accordance  with  Faraday's  law,  the  time 
rate  of  change  of  the  surface  integral  of  the  magnetic  flux  through  this 
area  is  a  measure  of  the  electromotive  force  created  in  the  circuit. 
This  electromotive  force  is  the  line  integral  of  the  electric  force  E. 
Hence  the  line  integral  of  E  round  the  boundary  is  equal  to  the  surface 

A  In  Hr.  Oliver  Heaviside's  system  of  rational  units  the  4ir  would  be  omitted 
and  the  relation  between  D  and  E  expressed  by  the  equation  D  =  KE. 
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integral  of  —  —  (or  of  —  B,  as  we  may  write  it)  over  the  area. 

• 

Therefore  it  follows  that  —  B  is  the  curl  of  £,  or  the  time  rate  of 

decrease  of  the  magnetic  flux  is  the  curl  of  the  electric  force.^ 

But  since  fiH  as  B,  we  may  write  the  ahove  equation  in  the  form — 

—  /xH  =  curl  E (3) 

Again,  if  round  an  electric  current  we  describe  any  closed  line,  the 
line  integral  of  the  magnetic  force  along  that  line  is  equal  to  inG, 
where  G  is  the  total  electric  current  through  the  closed  line.  Maxwell 
laid  down  as  a  fundamental  principle  that  when  change  of  electric 
displacement  through  a  dielectric  takes  place,  the  change,  whilst 
taking  place,  produces  all  the  magnetic  effect  of  a  current.  Hence,  if 
we  denote  the  rate  of  change  of  electric  displacement  with  time  by 

the  symbol  b  =  -^-,  then  the  total  displacement  is  the  surface  integral 

of  D,  and  the  effective  current  is  the  surface  integral  of  D.  Accord- 
ingly, when  dealing  with  a  pure  dielectric,  we  may,  in  accordance  with 
Maxwell's  postulate,  consider  that  the  time  rate  of  change  of  the 
total  displacement  produces  a  magnetic  force  embracing  it,  and  that 
the  line  integral  of  this  magnetic  force  is  equal  to  in  times  the 
total  displacement  current  surrounded.     Hence  the  surface  integral 

of  47rD  is  equal  to  the  line  integral  of  H,  or  47rD  must  be  the  curl  of 

K 
H.     But  since  D  =  j-E,  it  follows  that  ^ttD  =  KE,  and  accordingly 

KE  is  the  curl  of  H,  or — 

KE  =  curl  H (4) 

Putting  together  equations  (3)  and  (4),  we  see  that  there  is  a 
direct  and  a  cross  relation  between  E  and  H,  as  follows : — 

47rD  =  KE 

B=/xH  . 

47rD  =  KE  =  curl  H       ' ^^ 

—  B  =  —  /xH  =  curl  E 

These  equations  are  the  fundamental  equations  connecting  the 
so-called  forces,  fluxes,  and  qualities  of  the  dielectric  medium. 

Suppose  that  we  apply  them  to  a  very  simple  case.  Let  the 
vector  E  be  everywhere  parallel  to  itself  and  its  direction  taken  as 
the  X  axis.  Let  the  vector  H  be  at  right  angles  to  E  and  its  direction 
taken  as  the  y  axis  (see  Fig.  1). 

Also  let  the  value  of  E  and  H  increase  as  we  proceed  along  the 
axes  away  from  the  origin. 

To  calculate  the  curls  of  these  forces  we  have  to  take  line  integrals 
of  them  round  elementary  areas,  dxdi/f  dydz,  dzdx,  in  the  counter- 
clockwise directions. 

'  Continental  mathematioians  frequently  employ  the  symbol  "  rot/*  an  abbre- 
viation  for  rotation  or  rotator,  to  denote  the  operator  above  called  the  "  ourl." 
Thus  rot  E  is  equivalent  to  curl  E. 

2  O 
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Then  the  curl  of  E  in  the  plane  xziB  -r-,  and  in  the  plane  of  yx  is 

dE  , 

—  -i-«  and  in  the  plane  of  yz  it  is  zero.     Similarly,  the  curl  of  H  is 

dH 
zero  for  the  plane  xz.    For  the  plane  ^2;  it  is  —  — ,  and  for  the  plane 

.,  •    dH 
yx  It «  -. 


z 


Fia.  1. — ^Electric  and  Magnetic  Vectors  at  Right  Angles. 

Consider  the  plane  perpendicular  to  the  direction  of  H,  viz.  the 

jp 

xz  plane.    The  curl  of  E  for  that  plane  is  -—.    Also  consider  the  plane 

UrZ 

perpendicular  to  the  direction  of  E,  viz.  the  yz  plane. 

The  curl  of  H  for  that  plane  is  — .    Therefore,  substituting  in 
the  general  equations  (5),  we  have — 


K~  — —  — 

di  dz 

_    dH_dE 
^dt  ""^ 


(6) 


Differentiate  these  equations  with  respect  to  z,  and  with  respect 
to  t,  and  equate  results.     We  obtain — 


d2H  rf2H       « 

and  -3-5  —  uK— X  =  0 


(7) 
(8) 
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The  above  differential  equations  have  general  solutions  of  the 
form — 

H=A{z--ut)+U{z  +  ut) (9) 

E=/3(2~w/)+/8(^  +  «<) (10) 

1 


where /i,/2i/8,  and/4  ^^  some  functions  of  z  and  /  and  u  = 


V/xK' 


These  are  well-known  equations  which  indicate  that  E  and  H  are 
wave  motions  propagated  through  space  with  a  velocity  u,  since  they 
remain  unchanged  if  for  z  we  put  z-\-:/  and  for  t  we  put  t  + 1\  pro- 

vided  -j^=u.     In    other  words,   the    electromagnetic    disturbance 
z 

reaches  a  point  at  a  distance  li  further  on  in  a  time  i\  such  that 

/  =  ui\  and  u  is  therefore  the  velocity  of  propagation.    The  matter 

may  be  put  verbally  thus :  The  characteristic  of  a  wave  of  any  kind 

is  that  the  same  physical  events  are  taking  place  at  the  same  moment 

at  places  separated  by  a  distance  called  a  wave  length.    Also  the 

changes  are  periodic  or  cyclical  both  in  space  and  in  time.     It  is 

obvious  from  equations  (9)  and  (10)  that  the  periodic  quantities 

E  and  H  are  in  step  or  in  phase  with  each   other,  both  varying 

periodically  and  arriving  at  their  maximum  values  at  the  same 

instant. 

The  above  equations  may  be  generalized  for  space  of  three 
dimensions,  as  follows : — 

Let  X,  Y,  and  Z  be  the  components  of  electric  force  E  at  any 
point,  measured  in  electrostatic  units,  and  let  a,  j3,  and  y  be  the 
components  of  the  magnetic  force  H  at  the  same  point  measured  in 
electromagnetic  units.  Then,  since  the  unit  of  electrostatic  electro- 
motive force  is  3  X  lO^^^  larger  than  the  unit  of  electromagnetic 
electromotive  force,  we  can  write  the  general  equations  connecting 
X,  Y,  and  Z  with  a,  j3,  and  y  for  any  dielectric  medium  of  dielectric 

constant  K  and  permeability  /x  as  follows :  where  A  stands  for  -  and 

2/  =  3  X  10^0,  or  is  the  velocity  of  light  in  centimetres  per  second  and 
the  unitary  ratio.     We  have  then— 


da_dZ      rfY 


.dp_dK 
^^dt^lTz'^ 

Ai.^^'-^- 
^dt-dx 


dz 
dZ 
dx 
dX 
dy 


) 


(11) 


dt      dx      dy 

AK^^  =  -^— " 
dt       dx      dz 

ATT^^  ^  ^ 

dt       dy      dx 


(12) 


The  above  equations  are  in  the  form  given  by  Hertz,  and  in 
writing  them  he  follows  conventions  as  to  directions  of  axes,  as 
follows.  Suppose  the  origin  of  the  co-ordinates  to  be  within  the  head 
of  the  reader,  then  the  x  axis  is  directed  straight  away  from  you 
horizontally,  the  direction  of  the  z  axis  is  straight  up,  and  the  direc- 
tion of  the  y  axis  is  to  the  right  hand.  This  plan  differs  from  the 
usual  English  plan  in  that  the  z  and  y  axes  have  changed  places. 
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Suppose  that  we  limit  our  consideration  to  space  occupied  only 
by  ffither,  and  take  the  permeability  and  dielectric  constant  to  be 
unity.     Then  the  equations  (11)  and  (12)  become — 


(it      dy       dz 

(it       dz       dx 
.dy_dY      ^X 


dt       dz       dy 


I  •    (13) 


dt       dx 


da 
dz 
dp 


.     (14) 


dy      dy  ^ 
Also  we  have  two  equations  of  continuity 

dx      dy       dz 

da      d^      dY^Q 
dx      dy      dz 


pdZ  ^da,_ 
dt       dy      dx 


(16) 
(16) 


which  express  the  fact  that  there  is  no  discontinuity  in  the  electric 
and  magnetic  force  in  the  region  considered. 

From  the  above  equations  it  is  easy  to  deduce  by  differentiation 
and  substitution  six  others,  viz. — 


dt^  "  k^dx"^  "^  dy^  "^  'dz'^) 


(17) 


and  similar  ones  for  j3  and  y. 

<^X  _  1  A/2X      /^X  ,  (^X\ 
^^^      di^^lAd'x:^'^  dy^'^'dz^') 

and  similar  ones  for  Y  and  Z. 

This  equation  may  be  written  symbolically  thus — 


(18) 


^     .     tfP     .     rf2 


A2X  =  V2(X),  where  V^  stands  for  ( -^  +  ,  „ 

\dx^      dy^ 


'^dz^f 


and  similar  ones  in  j8  and  y  and  Y  and  Z.     These  equations  are  the 
general  differential  equations  for  the  propagation  of  a  disturbance  of 

any  type  with  finite  velocity  j  through  a  medium,  and  they  are 

similar  to  those  which  can  be  obtained  in  the  case  of  a  disturbance 
or  wave  propagated  through  air  or  water. 

It  is  quite  easy  to  show  that  a  solution  of  equation  (18)  is — 


where 


X=-F(/  ±  Ar) 
r2  =  x^  +  2j^+  z^ 


and  F(^  ±  Ar)  stands  for  any  single-valued  function  of  t  and  r. 

This  solution  denotes  a  space  wave  moving  outwards  or  inwards 
with  a  velocity  1/A,  the  amplitude  varying  inversely  as  the  distance 
from  the  origin,    This  is  the  charactoristjo  pf  a  normal  space  wave, 
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and  it  indicates  that  the  electric  and  magnetic  forces  do  not  make 
their  appearance  instantly  at  a  distance  but  are  propagated  through 
space  with  a  finite  velocity. 

These  equations  are  the  simplest  mathematical  expression  of  the 
fact  that  the  aather  is  a  continuous  medium,  which  can  everywhere 
exhibit  two  physical  effects,  or  can  experience  two  correlated  changes, 
one  due  to  electric  and  the  other  to  magnetic  force.  We  may  accept 
this  as  an  ultimate  fact,  or  we  may  try  to  picture  to  ourselves  some 
form  of  mechanical  movement  or  displacement  constituting  these 
changes.  In  any  case  these  changes  are  not  independent  of  each 
other.  The  occurrence  of  one  brings  into  existence  the  other,  and 
the  creation  of  electric  or  magnetic  force  at  one  ppint  results  in  its 
propagation  through  space  with  the  velocity  of  light. 

Thus,  if  we  suppose  that  we  have  a  steady  electric  current  in  a 
wire,  then  this  involves  a  distribution  of  magnetic  force  throughout 
space,  along  certain  closed  linos.  If  we  imagine  this  current  sud- 
denly reversed  in  direction,  then  the  reversal  of  the  direction  of  the 
magnetic  force  due  to  it  at  points  in  space  about  3  X  lO^^  cms.,  or 
nearly  1000  million  feet  away,  would  not  take  place  at  the  same 
moment  as  the  reversal  of  the  current,  but  one  second  later.  During 
that  time  (one  second)  the  reversal  of  the  direction  of  the  magnetic 
force  would  be  travelling  through  space  as  a  change  in  the  medium. 
Hence  it  follows  that,  when  we  are  concerned  with  currents  which 
are  changing  their  direction  very  often  or  quickly,  as  in  the  case  of 
electric  oscillations,  we  are  also  concerned  with  rapid  changes  in  the 
surrounding  medium,  which  are  travelling  through  it  with  the  velocity 
of  light. 

This  at  once  suggested  to  Maxwell  that  what  we  call  light  is,  in 
fact,  an  electromagnetic  phenomena.  On  this  hypothesis,  along  the 
path  of  a  ray  of  light  we  must  have  electric  and  magnetic  forces 
normal  to  each  other  and  to  the  direction  of  propagation  of  the  ray, 
which  are  varying  rapidly  in  a  periodic  and  connected  manner,  and 
hence  giving  rise  to  waves  travelling  with  the  electromagnetic 
velocity, 

3.  Maxweirs  Law  oonneoting  Dieleotrio  Constant  and  Re- 
fpactive  Index  for  Electromagnetic  Waves. — Maxwell's  next 
step  was  to  make  a  further  deduction  from  these  equations.  We 
know  that  light  moves  through  any  transparent  body,  say  water, 
more  slowly  than  through  empty  space,  as  shown  by  actual  experi- 
ment, and  the  ratio  of  the  velocity  in  space  to  the  velocity  in  water 
is  called  the  refrartwe  index  of  the  water.     Hence,  if  the  velocity  of 

electromagnetic  waves  in  space  is  measured  by  -y-  -,  where  K  and  /x 

V/xK 

are  respectively  the  dielectric  constant  and  permeability  of  vacuous 

space,  it  is  a  legitimate  deduction  that  the  velocity  through  water  will 

be  represented  by     ,  ^    ^,  where  K'  is  the  dielectric  constant  and  yJ 

the  magnetic  permeability  of  water.  Accordingly,  the  refractive  index 
of  water  for  the  electromagnetic  waves  will  be  numerically  measiured 
by  the  ratio  of — 

V/x'K'  to  V/xK 
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Experiment  shows  that  the  permeability  yJ  in  the  space  occupied 
by  water  is  not  sensibly  different  from  the  permeability  /x  of  empty 
space.  Hence,  if  we  take  the  dielectric  constant  of  space  arbitrarily 
to  have  a  value  unity,  we  should  have  a  relation  between  the  dielectric 
constant  of  water  and  its  refractive  index  (i)  as  follows : — 

or  if  E  is  taken  as  unity,  then  the  dielectric  constant  of  water  should 
be  equal  to  the  square  of  its  refractive  index  for  electromagnetic 
waves. 

The  same  argument  apphes  to  all  other  transparent  and  refractive 
dielectrics,  and  it  therefore  becomes  a  test  of  Maxwell's  theory  to 
examine  how  far  the  above  law  (called  Maxwell's  law)  holds  good. 
At  the  time  when  Maxwell  published  his  theory  there  were  very  few 
data  by  which  to  test  it,  but  in  the  last  thirty  years  an  immense 
number  of  methods  of  measuring  dielectric  constants  have  been  in- 
vented, and  a  great  number  of  numerical  measurements  have  been 
made  for  various  substances  under  different  conditions  of  temperature 
and  frequency,  or  time  of  application  of  the  electric  force. 

Also  direct  measurements  have  been  made  of  the  refractive  index 
of  various  substances  for  electromagnetic  waves  of  various  wave 
lengths.  But  at  that  date  (1865-1866),  and  for  some  years  after- 
wards, the  only  measurements  of  refractive  index  which  had  been 
made  were  those  for  the  very  short  wave  lengths  constituting  light 
or  eye-affecting  electromagnetic  radiation.  On  comparing  together 
the  measured  value  of  the  dielectric  constant  of  each  of  the  few 
optically  transparent  dielectrics  with  the  square  of  its  refractive  index 
for  rays  of  hght,  it  was  found  that  the  discrepancies  were  more 
numerous  than  the  agreements.  The  dielectric  constants  had  gene- 
rally been  measured  by  comparing  the  ratio  of  a  steady  or  slow 
period  alternating  electric  force,  E,  with  the  corresponding  electric 
displacement,  D,  so  as  to  obtain  K  from  the  equation — 

D  =  KE,orK=2 

If  this  experiment  is  tried,  for  example,  with'  water,  with  steady 
or  even  fairly  rapidly  reversed  electric  displacements,  we  get  a  value 
for  K  not  far  from  80,  and  for  most  varieties  of  glass  we  obtain  values 
of  E  varying  from  6  to  10.  The  optical  refractive  index  of  water, 
however,  is  1336,  and  that  of  most  kinds  of  glass  from  1*5  to  1-6 
or  more ;  hence  it  is  clear  that  for  these  substances  there  is  an  enor- 
mous discrepancy  between  the  square  root  of  K  (namely,  9  and  2*5 
or  d'l)  and  the  optical  refractive  indices  (namely,  1*3  and  1*8). 

More  extensive  research  has  shown  that  there  are  many  substances 
for  which  we  obtain,  however,  a  fairly  good  agreement  between  the 
two  numbers.  Hence  we  may  divide  all  dielectrics  broadly  into  two 
classes,  one  including  those  substances  which  comply  fairly  well  with 
Maxwell's  law,  and  the  other  those  cases  in  which  there  are  great 
discrepancies  between  the  value  of  the  dielectric  constant  and  the 
square  of  its  optical  refractive  index. 


ELEOTRIO  RADIATION  391 

In  view  of  the  extreme  importance  of  the  interconnection  between 
refractive  index  and  dielectric  constant  as  a  test  of  Maxwell's  theory, 
it  is  desirable  to  discass  briefly  the  nature  of  these  apparent  excep- 
tions to  Maxwell's  law.  Investigation  has  shown  that  the  values 
determined  for  dielectric  constants  are  immensely  affected  in  many 
cases  by  temperature  and  by  the  time  of  application  of  the  electric 
force.  Also  it  is  known  that  refractive  index  is  greatly  affected  by 
the  frequency. 

Dealing  first  with  the  effect  of  temperature  on  dielectric  constant, 
a  somewhat  extensive  examination  has  been  made  of  the  effect  of  low 
temperatures  on  dielectric  constants.  One  of  the  substances  exam- 
ined with  great  care  by  Sir  James  Dewar  and  the  author  was  liquid 
oxygen.  Sir  James  Dewar  long  ago  showed  that  this  substance  had 
remarkable  magnetic  qualities,  and  a  preliminary  measurement  made 
by  us  showed  that  its  magnetic  permeabihty  had  a  value  exceeding 
that  of  saturated  ferric  chloride. 

As  liquid  oxygen  is  transparent,  and  as  its  refractive  index  had 
been  carefully  determined  by  Professor  Liveing.and  Sir  James 
Dewar,  it  was  evidently  desirable  to  measure  its  dielectric  constant 
carefully.  This  was  done  by  means  of  the  commutator  method 
already  explained,  using  a  small  aluminium  condenser  consisting  of 
seventeen  plates,  which  could  be  immersed  in  a  vessel  full  of  liquid 
oxygen.  The  result  was  to  show  that  liquid  oxygen  has  a  dielectric 
constant  1-491.7  The  capacity  of  the  small  condenser  with  air  as  its 
dielectric  at  15^  G.  was  0*001030  mfd.  The  above  value  has  been 
substantially  cr  iflrmed  more  recently  by  a  measurement  made  by 
Dr.  Fritz  Ha^  oehrl,  at  the  University  of  Leyden,  his  value  for  the 
dielectric  p      •  ,nt  of  oxygen  being  1-465. 

The  >  r  ive  index  of  liquid  oxygen  for  two  cadmium  lines 

hav*'         > -:     length  respectively  4416  and  6438  was  determined  by 
F    '■'■■'  jing  and  Sir  James  Dewar  to  be  1-2249  and  1-2211. 

.      sftng  from  the  above  measurements,  the  value  of  the  refrac- 

^ex  for  waves  of  infinite  wave  length,  we  obtain  the  value 

'^  j1.    The  magnetic  permeability  of  liquid  oxygen  was  determined 

>y  a  direct  method,  consisting  in  the  immersion  of  a  small  air  core 

tmnsformer  under  the  surface  of  liquid  oxygen.^    The  value  thus 

obtained  for  the  magnetic  permeability  of  liquid  oxygen  was  1*00287. 

A  more  recent  and  very  careful  measurement  of  the  susceptibiUty 
of  liquid  oxygen,  made  by  an  entirely  different  method  by  Sir  James 
Dewar  and  the  author,  showed  that  the  value  of  the  magnetic 
susoeptibihty  of  liquid  oxygen  is  323  X  lOr^,  and  that  therefore  its 
permeability  is  equal  to  1*0041. 

If  we  take  the  value  of  the  square  of  the  index  of  refraction  of 
liquid  oxygen  for  waves  of  infinite  wave  length,  we  obtain  the  number 
2*4837;  if  we  take  the  product  of  the  dielectric  constant  of  liquid 
oxygen  as  determined  by  Fleming  and  Dewar,  namely,  1*491,  and  the 
value  of  its  permeability  as  obtained  by  the  direct  method,  namely, 
1-00287,  the  product  of  these  numbers  is  1*395.    If  we  take  the  best 

7  See  Fleming  and  Dewar  on  **  The  Dielectric  Constant  of  Liquid  Oxygen  and 
Liquid  Air,"  Proc  Boy.  Soc.,,1897,  vol.  60,  p.  858. 

'  See  Fleming  and  Dewar  on  **The  Magnetic  Permeability  of  Liquid  Oxygen 
and  Liquid  Air,"  Proc.  Boy.  Soc.,  1896,  vol.  60,  p.  288. 
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value  of  the  magnetic  permeability  as  determined  by  the  experiments 
on  the  susceptibility  of  liquid  oxygen  (namely,  1*0041),  and  take  the 
mean  value  of  the  dielectric  constants  as  determined  by  Fleming  and 
Dewar  and  Hasenoehrl,  which  is  1-478,  we  find  the  value  of  the  pro- 
duct of  1*478  and  1*0041  to  be  1*484,  which  agrees  almost  precisely 
with  the  value  of  the  square  of  the  refractive  index  of  liquid  oxygen 
for  waves  of  infinite  wave  length,  namely,  1*4837,  as  determined  by 
the  experiments  of  Liveing  and  Dewar. 

This  remarkable  equality  in  the  case  of  liquid  oxygen  between  i^, 
or  the  square  of  optical  refractive  index  for  waves  of  infinite  wave 
length,  and  the  numerical  product  of  the  value  of  its  dielectric  con- 
stant K  and  the  magnetic  permeability  /x,  is  a  very  interesting 
confirmation  of  Maxwell's  theory. 

We  have  in  liquid  oxygen  a  substance  which  possesses  four 
qualities  found  together  in  no  other  substances,  namely^,  optical 
transparency,  almost  perfect  non-conductivity,  a  magnetic  permea- 
bility greater  than  unity,  and  a  dielectric  constant  nearly  50  per  cent, 
greater  than  that  pf  empty  space. 

We  turn,  then,  again  to  the  question  of  the  discrepancies,  and 
ask.  How  is  it  that  such  substances  as  water,  alcohol,  SBther,  and 
glycerine,  which  in  their  pure  condition  are  all  good  insulators, 
and  therefore  dielectrics,  and  optically  transparent,  show  such 
marked  disobedience  to  Maxwell's  law  ?  A  careful  investigation  of 
this  point  has  shown  that  temperature  is  largely  accountable  for  the 
discrepancy. 

By  means  of  the  cone  condenser  described  in  Chap.  II.,  Sir  James 
Dewar  and  the  author  have  measured  the  dielectric  constant  of  ice, 
frozen  alcohol,  frozen  glycerine,  and  numerous  other  organic  or  inor- 
ganic frozen  liquids,  and  have  discovered  that  in  all  cases  cooling 
them  to  a  very  low  temperature  destroys  entirely  these  high  dielectric 
values. 

Thus,  for  instance,  if  the  dielectric  constant  of  ice  is  measured 
with  an  electric  force  applied  either  continuously  or  alternating  1  to 
200  times  a  second,  the  temperature  of  the  ice  being  0^  C,  the  value 
of  the  dielectric  constant  found  is  represented  by  a  number  in  the 
neighbourhood  of  80.  If,  however,  the  ice  is  cooled  down  to  the 
temperature  of  liquid  air,  the  dielectric  constant  of  the  ice  faUs  to  a 
value  near  to  2*4. 

In  the  same  manner,  if  the  dielectric  constant  of  alcohol  is 
measured  at  ordinary  temperatures,  the  number  is  found  not  very  far 
from  25,  but  if  the  alcohol  is  frozen  and  cooled  to  the  temperature  of 
liquid  air  we  find  by  the  above-described  methods  a  value  3*12. 

Again,  the  dielectric  constant  of  glycerine  determined  at  ordinary 
temperatures  gives  a  value  56,  but  if  determined  at  the  temperature 
of  liquid  air,  a  value  3*9.  

If  we  gather  into  one  table  (see  Table  II.,  p.  393)  the  results  of 
a  number  of  these  low-temperature  measurements  of  dielectric  con- 
stants taken  at  a  frequency  of  120  per  second,  and  arranged  so  as  to 
show  the  values  of  the  dielectric  constant  at  15°  C.  and  at  —185°  C. 
(the  temperature  of  liquid  air),  we  see  at  once  the  immense  influence 
which  temperature  has  upon  the  fundamental  qualities  of  a  dielectric. 
For  the  sake  of  comparison,  the  values  of  the  square  of  the  optical 
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refractive  index  (>2)  for  very  long  wave  lengths  or  for  certain  wave 
lengths  in  the  visible  spectrum  have  been  placed  in  contiguity. 

The  conclusions  to  which  the  figures  in  Table  II.  lead  us  is  that, 
whereas  at  ordinary  temperatures  there  is  an  enormous  difference 
between  the  dielectric  constants  of  certain  substances  and  the  square 
of  their  optical  refractive  index,  a  continual  lowering  of  the  tempera- 
ture destroys  a  large  part  of  this  disagreement. 

On  the  other  hand,  there  are  some  substances  for  which,  even  at 
ordinary  temperatures.  Maxwell's  law  is  very  ?ipproximately  fulfilled 
as  shown  in  Table  III.  (see  below). 


TABLE 

I] 

».•■ 

DiELECTHio  Constants  (K)  at 

DiFFBBENT  TBMPEBATUREB. 

SataUnoe. 

K  At  16°  C. 

K  tX  -185°  ( 

• 

Square  of  retractive 
Index  (i»). 

Water 

80 

2-4  to  2-9 

1-779  (for  D  line 

Formio  acid      .     . 

62 

2-41 

— 

Glycerine     .     .     . 

56 

8-2 

— 

Methyl  alcohol .     . 

84 

8-18 

— 

Mononitrobenzol    . 

82 

2-6 

— 

Ethyl  alcohol    . 

25-8 

811 

1-881 

Acetone  .... 

21-86 

2-62 

Ethyl  nitrate    .     . 

17-72 

2-78 

— 

Amyl  alcohol     .     . 

16 

214 

1-961 

Aniline    .     .     .   • 

7-61 

2-92 

•^ 

Castor  oil     .     .     . 

4-73 

214 

2168 

Ethylicfiether  .     . 

> 

4*25 

2-81 

1-805 

OUveoU.     .     .     . 

816 

218 

2-181 

Garhon  bisulphide 

2-67 

2*24 

201 

TABLE 

• 

TTT. 

SalrtU 

Boe. 

DielM 

strlc 

U°C. 

Square  of  optical  refrac- 
UTe  Index  (»^. 

Sulphur     .     .     . 

«          • 

4-78 

4-89  (for  B  line) 

Paraf&n 

2-29 

2-022 

Petroleum 

1-92 

1-922 

Petroleum  old 

207 

2-076 

Turpentine 

2-28 

2-128 

Benzine 

• 

2-88 

2-26  (for  D  line) 

Exceptions,  however,  are  more  numerous  than  accordances,  and  we 
find  no  apparent  fulfilment  of  the  law  in  the  case  of  the  following 
substances : — 


J 
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TABLE   IV. 


SabaUnoe. 


Glass  (light  flint) 
Glass  (dense)  . 
Oalcite  ... 
Fluorspar  .  .  , 
Mica  .  .  .  , 
Quartz  .  .  , 
Tourmaline  .  . 
Bock  salt  .     .     . 


6-57 
lOl 
7-7 
6-7 
6-64 
4-55 
6-05 
6-86 


i2. 


2-376  (for  B 
2*924 

line) 

2-734  (for  A 
2*05 

line) 

2-626 

2-41 

2-63 

2-26 

In  the  case  of  gases  there  is  a  very  fair  agreement  between  K 
and  t2. 

Then,  with  respect  to  the  question  of  frequency,  it  has  been  found 
that  the  rate  at  which  the  electromotive  force  is  applied  and  removed, 
or  reversed,  has  a  great  influence  upon  the  dielectric  constant. 
Generally  speaking,  we  may  say  that  the  higher  the  frequency  the 
lower  the  dielectric  constant.  On  the  other  hand,  many  substances 
exhibit,  so  to  speak,  a  great  constancy  under  variation  in  frequency. 

By  the  employment  of  electrical  oscillations,  it  is  possible  to 
determine  the  dielectric  constant  with  very  rapid  alemations  of 
electric  force.  It  appears,  however,  that  whether  we  use  a  continuous 
electric  force  or  an  eleptric  force  slowly  alternating  or  even  alternating 
30,000  million  times  a  second,  the  dielectric  constant  of  water  is  still 
a  number  not  far  from  80.  On  the  other  hand,  in  the  case  of  alcohol 
the  same  variation  in  frequency  reduces  the  dielectric  constant  from 
25  to  about  6*6.  Ice  is  more  sensitive  to  change  in  frequency  than 
water,  and  an  increase  in  the  frequency  which  does  not  affect  the 
dielectric  constant  of  liquid  water  reduces  that  of  ice  to  a  value 
between  2  and  5. 

In  considering  the  causes  of  the  discrepancies,  it  is  obvious  that  if 
light  waves  consist  of  alternations  of  electric  force,  then,  since  the 
visible  spectrum  is  comprised  between  the  limits  of  400  and  800 
billion  vibrations  per  second,  there  is  an  enormous  gap  between  the 
highest  frequencies  it  is  possible  to  command  in  experimentally 
measuring  dielectric  constants  and  the  frequencies  which  give  rise  to 
optical  effects.  The  whole  of  these  effects  give  us  reason  to  consider 
that  the  numerous  discrepancies  and  exceptions  to  Maxwell's  law  are 
really  dependent  upon  temperature  and  frequency. 

It  is  obvious  that  in  making  comparisons  we  can  hardly  expect  to 
find  the  law  fulfilled  unless  the  alternations  of  electric  force,  with 
which  we  determine  the  dielectric  constant,  are  comparable  with  the 
number  of  vibrations  per  second  in  the  ray  by  which  the  refractive 
index  is  measured. 

Of  late  years  it  has  been  possible  to  test  the  matter  in  another 
way.  We  are  now  able,  as  will  be  explained  below,  to  produce 
electric  waves  which  are  known  to  have  all  the  properties  of  hght, 
except  visibility.  Many  recent  investigations  have  had  for  their 
object  the  determination  of  the  refractive  index  of  water,  alcohol, 
and  other  bodies  for  electric  waves  of  great  length  lying  far  beyond 
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the  region  of  the  ultra-red  Bpectnim.  For  water  the  refraotive  index 
found  for  these  electric  rays  is  a  number  in  the  neighbourhood  of 
8'9.*  The  square  of  this  number  8*9  is  very  nearly  80,  and  hence 
is  in  very  good  agreement  with  the  value  of  the  dielectric  con- 
stant of  water  determined  by  purely  static  electrical  methods,  and 
either  with  continuous  electric  force  or  electric  forces  very  slowly 
alternating. . 

It  is  impossible  to  dismiss  this  part  of  the  subject  without  raising 
one  question :  Why  is  it  that  certain  kinds  of  matter  have  such 
exceptionally  large  dielectric  constants,  which  at  ordinary  tempera- 
tures are  so  different  in  value  from  the  square  of  the  optical  index  of 
refraction  ?  The  answer  to  this  is,  that  electric  force  produces  two 
effects  when  acting  on  any  space  occupied  by  dielectric  matter.  In 
the  first  place,  it  creates  an  electric  strain  in  the  asther,  or  true 
electro-magnetic  medium,  which  strain  is  immediately  responsive  to 
the  stress. 

In  the  next  place,  it  operates  on  the  molecules  of  the  matter, 
producing  an  additional  strain  or  displacement ;  and  it  is  not  a  Uttle 
remarkable  that  those  substances  which  have  high  dielectric  values 
are  those  which  easily  suffer  chemical  decomposition  by  displacement 
or  removal  of  some  radicle. 

Some  interesting  facts  connected  with  dielectric  constants  of 
solids  and  liquids  have  been  noted  by  G.  B.  Thwing.io  He  has 
pointed  out  that,  for  a  large  number  of  substances,  the  dielectric 
constant  is  2'6  times  the  density,  and  that  the  dielectric  constant  can 
be  predetermined  for  many  substances  by  calculation. 

The  dielectric  constant  of  a  body  can  be  calculated  by  an  addition 
law,  in  accordance  with  the  following  rule : — 

The  product  of  the  molecular  weight  of  the  substance  and  its 
dielectric  constant  divided  by  its  density  is  equal  to  a  sum  formed 
by  multiplying  2'6  times  the  number  of  atoms  of  each  kind  by  their 
atomic  weight ;  except  in  the  case  when  the  molecule  contains  certain 
radicles,  when  each  radicle  has  in  addition  a  multiplying  constant 
differing  from  2*6. 

Hence  if  K  =  dielectric  constant ; 
M  =  molecular  weight ; 
D  =  density ; 
^ii  ^1  etc.  =  atomic  weights  or  elements  of  radicles ; 
Hit  n^,  etc.  =  number  of  atoms  or  radicles ; 

we  have— ^ 

K  =      (2-6  aj/ii  -f  2-6  02/12  +  ®te-  +  ^^s  +  ®*o.) 

The  factor  2*6  is  employed  if  the  element  is  an  atom  of  hydrogen, 
oxygen,  carbon,  etc.,  and  the  factor  k  if  it  is  a  chemical  radicle  OH, 
CO,  COH,  NO2,  CH2,  CHj,  or  S,  having  values  as  follows  :— 

•  See  Fleming  and  Dewar,  Proc,  Boy,  Soc.  Land,,  1897,  vol.  61,  p.  2,  "  On  the 
Dielectric  Oonetante  of  Ice  and  Alcohol  at  very  Low  TemperatHTeB." 

!•  See  0.  B.  Thwmg,  ZeiUchrift  Phys,  Chem.,  1894,  vol.  xiv.  pp.  286-800. 
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Radicle. 

Molecular  weight 

Value  of  fc. 

• 

OH 

■     •     •     •     ■ 

17 

80-6 

CO 

1     •     •     • 

28 

52 

COH  , 

29 

83-8 

NOa    . 

46 

67-6 

CHa    . 

14 

2-86 

CH,    . 

16 

812 

S    .     . 

32 

0016 

Thus  the  dielectric  constant  of  water  (n20),  which  is  a  hydride  of 
hydroxyl,  having  molecular  weight  =  18  and  density  =  1,  is  given  by 
the  formula — 


K  =  ^  (2-6  X  1  +  80-6  X  17)  =  75-4 
lo 

and  that  of  ethylic  alcohol  (CH3,  CH2,  HO)  by  the  formula— 
0-815 


K  = 


46 


(312  X  15  +  2-86  X  14  +  806  X 17)  =  26-6 


These  values  agree  with  the  results  of  experiments.  This  re- 
markable rule  supphes  us  with  a  clue  to  the  meaning  of  these  large 
dielectric  constants.  We  see  that  the  presence  in  a  molecule  of  a 
chemical  radicle;  or  portion  more  easily  detached  than  other  atoms, 
seems  to  indicate  a  line  of  easy  cleavage  in  the  molecule  of  which 
the  electric  force  takes  advantage.  It  appears,  therefore,  that  the 
simple  properties  of  the  electromagnetic  medium  filling  space  are 
profoundly  modified  by  the  presence  of  ordinary  matter  in  the  same 
place.ii 

Briefly,  then,  it  may  be  stated  that  Maxwell's  theory  consists  in 
the  assumption  that  the  effects  we  call  electric  displacement,  or 
otherwise  electric  charge,  and  that  which  we  call  magnetic  flux  or 
magnetic  induction,  when  they  exist  in  a  space  free  from  ordinary 
gravitative  matter,  are  affections  of  a  medium  capable  of  storing  up 
energy  in  two  different  forms.  The  dielectric  constant  of  the  medium 
or  the  displacement  per  unit  of  electric  force,  and  the  magnetic  per- 
meability of  the  me^um,  or  the  magnetic  flux  per  unit  of  magnetic 
force,  are  both  altered  by  the  presence  of  matter.  The  first  quaUty 
is  always  increased,  the  second  may  be  increased  or  diminished,  and 
is  enormously  increased  by  the  ferromagnetic  substances. 

These  two  qualities  determine  the  speed  of  transmission  of  a 
disturbance  or  an  electric  wave  through  the  medium,  and  an  electric 
wave  is  created  whenever  a  very  sudden  electric  displacement  is  made 
or  released.  The  moment,  however,  that  we  attempt  to  resolve  the 
processes  into  mechanics,  or  the  simple  movement  of  matter  possessed 

^^  The  reader  may  be  referred  to  an  artiole  by  Sir  J.  J.  Thomson,  on 
"  Eleotromagnetio  Waves,"  in  the  Supplement  to  the  10th  edition  of  the  Encyclo- 
pcBdia  BritanrUca,  for  a  mathematical  discussion  of  the  cause  of  these  large 
dielectric  constants,  and  an  explanation  of  the  abnormality  as  due  to  the  presence 
of  free  ions  or  electrons  in  the  mass  of  the  dielectric. 
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of  inertia,  and  resisting  some  kind  of  change  of  configuration,  we  are 
met  with  many  difficulties.  The  first  question  that  presents  itself  is 
as  to  the  nature  of  the  elastic  reaction  of  this  medium  against  stress. 
What  is  the  kind  of  deformation  the  medium  resists  ?  It  cannot  be 
a  simple  compressional  elasticity  or  resistance  to  change  of  volume, 
as  in  the  case  of  air.  That  would  imply  that  the  ray  could  not  be 
polarized,  whereas  in  the  case  both  of  light  and  electric  rays  they  can 
be  or  are  polarized,  or  made  non-symmetrical  with  respect  to  the 
direction  of  propagation.  Can  the  elasticity,  then,  be  a  simple 
resistance  to  shearing  or  change  of  form  ?  This  elastic  solid  or  jelly 
theory  of  the  aether  fails  to  meet  requirements  in  many  points. 

Then  a  third  hypothesis  is  that  the  elementary  portions  of  this 
medium  do  not  resist  either  compression  or  shearing,  but  resist 
absolute  rotation  round  any  axis.  This  rotational  theory  of  the 
flBther,  due  originally  to  MacCuUagh  and  Kelvin,  has  been  developed 
in  great  detail  by  Sir  Joseph  Larmor,  who  has  shown  that  it  meets 
in  many  remarkable  ways  the  demands  of  physical  theory.i^  The 
temptation  to  try  and  construct  a  purely  mechanical  theory  of  the 
8Bther,  in  which  displacements  and  fluxes  are  visualized  as  changes 
of  configuration  or  motions,  is  very  great. 

We  are  unable  to  make  for  ourselves  a  mental  pictiu*e  of  any 
physical  processes  which  we  cannot  in  the  ultimate  issue  resolve  into 
motion,  either  past  or  present.  If  we  could  resolve  all  the  operations 
in  the  electromagnetic  medium  into  mere  motions  of  some  substance 
possessing  the  single  attribute  of  inertia,  it  would  in  one  sense  satisfy 
our  minds. 

But  the  SBther,  if  it  exists  at  all,  must  have  many  more  functions 
(some,  perhaps,  yet  unsuspected  by  us)  than  those  of  merely  con- 
veying vibrations.  If  that  is  the  case,  we  may  do  well  to  refrain 
from  attempting  too  much  mechanical  interpretation,  and,  whilst 
resting  on  the  fact  that  the  definite  changes  we  call  electric  displace- 
ment and  magnetic  flux  are  directed,  or  vector  changes  in  a  universal 
medium,  admit  that  the  ultimate  analysis  of  the  nature  and  structure 
or  fether,  energy,  and  matter,  will  carry  us  far  beyond  the  region  of 
the  ideas  of  motion,  inertia,  or  force. 

It  may,  however,  be  asked.  How  do  the  above  statements  afford 
proof  that  the  optical  aether  is  identical  with  the  electromagnetic 
medium?  So  far  all  that  we  have  passed  under  review  has  been 
proof  that  if  electromagnetic  effects  are  propagated  from  place  to 
place  with  finite  velocity,  that  velocity  will  be  measured  by  the 
reciprocal  of  the  quantity  y/yiK,  and  it  has  been  shown  that  this 
electromagnetic  velocity  in  vacuum,  air,  other  gases,  also  in  certain 
liquids  and  solids,  is  equal  to  the  measured  velocity  of  light  rays 
through  that  material 

Our  conviction  that  the  propagation  of  light  through  transparent 
matter  is  not  an  effect  wholly  or  enturely  due  to  matter  alone,  is 
based  for  one  thing  on  the  fact  that  the  mean  velocity  of  light  coming 
to  us  from  Jupiter's  satellites  is  the  same  as  the  actually  measured 
velocity  of  light  in  air  at  the  earth^s  surface. 

.   >'  For  an  exposition  of  Sir  Joseph  Larmor's  views,  we  must  refer  the  reader 
to  his  book,  '*  iEther  and  Matter,"  University  Press,  Cambridge,  1900. 
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In  like  manner,  the  dielectric  constant  and  magnetic  permeability 
of  the  very  best  vacuum  we  can  produce  differ  so  exceedingly  little 
from  the  same  qualities  of  an  air-filled  space  at  ordinary  pressure  and 
temperature,  that  we  cannot  well  believe  these  properties  of  the  space 
are  wholly  due  to  the  matter,  if  taking  out  all  but  one-millionth  of  the 
gravitative  matter  makes  so  little  difference. 

The  demonstration  that  light  has  an  undulatory  nature  rests  upon 
all  the  well-known  facts  of  interference.  The  creation  and  similar 
properties  of  undulations  having  an  electrical  origin  travelling  through 
space  with  equal  velocity,  and  exhibiting  all  the  properties  of  visible 
light,  has  afforded  more  than  ground  for  a  suspicion ;  it  has  given  an 
almost  perfect  proof  that  the  basis,  the  undulating  material,  and  the 
nature  of  that  undulation  must  be  similar  in  the  two  classes  of 
phenomena. 

4.  Electromagnetic  Waves. — We  must  next  turn  attention  to 
the  production  of  electromagnetic  waves,  or,  as  they  are  shortly  called, 
electric  waves,  in  dielectrics  by  means  of  electric  oscillations. 

There  are  one  or  two  questions  connected  with  wave  production 
in  general  concerning  which  a  little  preliminary  discussion  may  be 
useful.  One  physical  characteristic  of  wave  motion  is  that  by  it 
energy  is  conveyed  entirely  away  from  the  wave-creating  body  and 
exists  for  a  time  stored  up  in  a  surrounding  medium.  Consider,  for 
instance,  the  production  of  a  compressional  wave  in  air.  If  the  hand 
or  a  fan  is  moved  to  and  fro  in  the  air,  the  mere  production  of  this 
motion  or  change  of  motion  in  the  material  body  absorbs  energy. 
When  it  is  so  moved  in  a  fluid  such  as  air,  the  moving  solid  sets  up 
vortex  or  rotational  motions  in  the  surrounding  air,  similar  to  those 
whirls  which  are  .seen  on  moving  an  oar  or  the  hand  through  water, 
and  these  fluid  motions  also  take  up  energy  to  produce  them.  If  a 
fan  is  moved  slowly  through  the  air,  all  that  happens  is  that  the  air 
in  front  passes  round  behind  it,  and  in  so  doing  air  vortices  are 
created.  Energy  is  therefore  absorbed  not  only  in  making  changes 
in  motion  of  the  solid,  but  also  is  taken  up  in  the  surrounding  medium 
in  creating  this  vortex  motion  or  movements  in  the  air  which  cling  to 
and  surround  the  moving  body. 

A  large  part  of  the  resistance  of  motion  which  a  solid  body 
experiences  in  passing  through  a  fluid  is  due  to  this  form  of  energy 
absorption  by  the  fluid.  A  perfect  fluid,  or  one  without  any  quality 
of  viscosity,  could  not  have  these  vortex  motions  so  set  up  in  it  by  a 
body  entirely  submerged  and  moving  steadily  so  as  to  create  no  waves. 
Hence,  a  perfect  fluid  offers  no  resistance  to  the  motion  through  it  of 
a  solid. 

If  the  soUd  oscillates  or  moves  slowly  through  a  fluid,  the  energy 
never  dissociates  itself  entirely  from  the  moving  solid  or  the  fluid  in 
its  neighbourhood.  The  energy,  so  to  speak,  travels  with  the  vibrat- 
ing body  and  exists  where  it  is,  or  in  proximity  to  it,  and  when  its 
motion  ceases  the  energy  of  motion  of  the  fluid  is  frittered  away 
into  heat. 

It  is  quite  different,  however,  if  a  body  is  moved  or  vibrated  very 
rapidly,  so  as  to  bring  into  play  the  inertia  quaUty  of  the  fluid.  If, 
for  instance,  instead  of  moving  somewhat  slowly  through  the  air,  the 
fan  or  other  body,  such  as  a  tuning-fork,  is  made  to  vibrate  with 
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considerable  speed,  and  inertia  and  compressibility  of  the  air  come 
into  play,  with  the  result  that  we  have  a  true  wave  produced,  the 
air  has  not  time  to  get  out  of  the  way  of  the  moving  scuid,  and  thus, 
instead  of  moving  round  to  the  back  of  the  vibrating  body,  it  is 
suddenly  compressed,  and  subsequently  rarefied  and  startled  into 
oscillations.  Each  portion  of  the  fluid  takes  up  successively  the 
oscillatory  motion  or  changes  of  pressure,  and  energy  is  conveyed 
entirely  away  from  the  moving  body  and  its  neighbourhood,  and 
continues  to  exist  in  the  medium  as  a  wave  long  after  the  vibrating 
body  which  started  it  has  come  to  rest. 

Some  at  least  of  the  energy  imparted  to  the  solid  to  set  it  in 
vibration  is  taken  from  it  and  handed  on  from  point  to  point  through 
the  air. 

The  characteristic  of  a  true  wave  is  that  in  each  portion  of  the 
medium  the  energy  so  being  conveyed  exists  alternately  as  energy  of 
strain  or  configuration  and  energy  of  motion,  or  in  some  form  equivalent 
to  these  types  of  energy.  Moreover,  at  a  distance  called  a  wave  length  ^ 
similar  energy  changes  are  taking  place  at  the  same  time.  The 
mathematical  expression  for  a  wave  is  merely  a  symbolical  statement 
of  this  fact.    Thus  the  expression — 


y  =  Ycos27r(?— ^,) 


is  the  algebraical  method  of  denoting  a  wave  of  wave  length  A  and 
periodic  time  T,  and  it  tells  us  that  a  periodic  disturbance  or  oscilla- 
tion travels  forward  with  a  velocity  ^t,,  since  the  value  of  y  remains  the 

same  if  for  x  we  substitute  (x  -{•  a?')  and  for  /,  (t  +  ^),  provided  that 
x^_X 

Accordingly,  at  two  places  separated  by  a  distance  x\  the  same 
motion  will  take  place  after  a  time  f. 
This  is  easily  seen  if  we  note  that — 

x  +  x'      t+t' _x       t 
■    A  r   "*"  A      T 

x'     A 
provided  that  ^7  =  m- 

The  total  energy  of  a  wave  can  be  shown  to  be  at  any  moment 
half  potential  or  configurational  and  half  kinetic  or  motional.  At 
each  point  in  the  medium  cyclical  changes  of  energy  take  place,  and 
the  disposition  of  either  kind  is  periodic  in  space  and  time. 

The  term  wavB  motion^  therefore,  has  reference  to  this  peculiar  mode 
of  transferring  energy  from  place  to  place,  and,  as  we  have  already 
seen,  waves  can  exist  in  any  medium  which  possesses  two  essential 
qualities.  The  first  of  these  qualities  is  that  some  kind  of  vector  or 
directed  change  made  in  it  must  tend  to  disappear  if  left  to  itself;  and 
not  only  so,  but  in  being  created  must  call  forth  an  opposition  or 
resistance  to  its  creation.  In  the  second  place,  in  disappearing,  the 
change,  whatever  its  nature,  must  tend  to  overshoot  the  mark  and  be 
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reproduced  in  the  opposite  direction ;  in  other  words,  there  must  be 
a  persistence  or  inertia-like  quality  in  connection  with  the  change  of 
deformation. 

There  may,  therefore,  be  as  many  different  kinds  of  waves  as  there 
are  possible  modes  of  dejformation  in  extended  media. 

Take,  for  instance,  the  case  of  water.  If  the  water  has  a  free 
surface,  this  is  a  level  surface,  and  tends  to  remain  level.  If  the 
water  is  heaped  up  in  one  ^lace  and  left  to  itself,  it  begins  to  regain 
its  level ;  but  it  possesses  mertia,  and  in  so  doing  it  overshoots  the 
mark  and  creates  a  depression  in  the  surface. 

From  this  point,  therefore,  surface  waves  spread  out  which  are 
changes  in  level,  periodic  in  time  and  space.  Again,  a  free  water 
surface  possesses  what  is  called  surface  tension.  The  surface  of  any 
liquid  offers  a  resistance  to  stretching  like  a  sheet  of  indiarubber.  If, 
therefore,  a  surface  of  water  is  slightly  heaped  up,  the  surfcbce  is 
stretched,  and  tends  again  to  become  level  in  virtue  of  this  surface 
tension.  Hence  we  can  have,  not  only  what  are  called  gravitational 
waves  on  the  free  surface  of  water,  but  ripples  or  surface  tension  waves. 
These  latter  may  be  seen  to  be  formed  when  a  fishing-line  or  thin 
rod  is  moved  through  water  perpendicularly  to  the  surface.  Further- 
more, water  resists  compression,  and  hence  we  can  have  produced  in 
it  compressional  tvaves,  not  on  the  surface,  but  in  the  mass.  Such 
waves  are  produced  in  water  by  an  explosion  taking  place  beneath 
the  surface. 

In  every  case,  however,  the  velocity  of  propagation  of  the  wave  is 
measured  by  the  square  root  of  the  ratio  of  two  quantities,  one  being 
of  the  nature  of  an  elasticity,  and  the  other  the  density  or  mass  per 
unit  of  volume.  Moreover,  in  all  wave  motion  the  velocity  of  the 
wave  is  measured  by  the  product  of  the  wave  length  and  the  nimiber 
of  complete  oscillations  per  second  executed  by  any  part  of  the 
medium  through  which  the  wave  motion  is  travelling. 

If  V  represents  the  wave  velocity,  n  the  frequency,  and  A  the  wave 
length,  then  we  have  the  relation  Y  =  nA  as  a  fundamental  equation 
connecting  wave  length  with  frequency. 

In  the  case  of  solid  bodies  we  can  have  another  kind  of  wave  not 
capable  of  being  produced  in  Uquids,  namely,  a  distorfional  wave.  The 
special  characteristic  of  asoUd  substance  is  that  it  resists  shearing  or 
being  changed  in  shape.  If,  for  instance,  we  give  a  twist  to  a  rod  of 
steel,  it  resists  this  type  of  distortional  deformation,  but  we  cannot 
put  a  twist  of  the  same  kind  upon  a  thread  of  honey  or  column  of 
water. 

Accordingly,  we  can  have  a  great  variety  of  waves  in  material 
media  depending  upon  the  fact  that  their  parts  possess  inertia,  and 
that  they  resist  some  kind  of  relative  displacement.  Thus,  for  example, 
we  may  have — 

Gravitational  or  surface  waves  in  Uquids — due  to  the  resistance 
of  the  surface  to  being  made  unlevel. 

Capillary  waves  or  ripples  on  the  free  surface  of  Uquids — due  to 
the  resistance  of  the  surface  of  the  free  Uquid  to  stretching. 

Compressional  waves  in  the  mass  of  a  gas,  liquid,  or  soUd — due  to 
the  resistance  to  change  of  bulk  or  volume  elasticity. 

Distortional  waves  in  solid  bodies — due  to  the  resistance  to  shearing, 
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twisting,  or  other  changes  of  a  form  of  any  element ;  in  other  words, 
to  shape  elasticity. 

These  preliminary  remarks  will  pave  the  way  for  a  consideration 
of  the  nature  of  electrotnagnetic  waves,  or,  as  they  are  generally  called, 
electric  waves. 

Every  dielectric  possesses,  as  we  have  seen,  two  properties.  It 
can  have  a  physical  state  produced  in  it  at  any  point  called  the 
electric  displacement,  and  this  corresponds  to  the  production  of  a 
deformation  or  strain  in  an  elastic  solid.  The  medium  resists  by  an 
elastic  reaction  the  creation  of  this  displacement,  and  when  the  electric 
force  creating  it  is  withdrawn,  the  displacement  disappears ;  but  as  a 
displacement  requires  an  energy  expenditure  to  produce  it,  the  law  of 
conservation  of  energy  necessitates  that  the  displacement  in  disappear- 
ing shall  give  rise  to  energy  in  some  other  form.  This  it  does  by  the 
creation  of  magnetic  flux  in  a  direction  at  right  angles  to  itself,  and 
the  flux  in  turn  in  disappearing  gives  rise  again  to  a  displacement 
at  neighbouring  points  in  the  same  direction  as  that  displacement, 
the  vanishing  of  which  gave  rise  to  the  flux.  Hence  we  detect  in 
•  this  operation  an  analogy  with  the  case  of  a  vibrating  solid  where 
mechanical  stress  gives  rise  to  elastic  strain,  and  strain  in  disappear- 
ing creates  velocity  or  sets  matter  in  motion,  and  hence  reproduces 
the  strain  energy  in  a  kinetic  form.  This,  again,  in  virtue  of  inertia 
recreates  a  new  strain  in  an  opposite  direction. 

The  process  of  alternating  electric  displacement  and  resulting 
magnetic  flux  repeated  cyclically  in  space  and  time  from  point  to 
point  through  the  dielectric  constitutes  an  electric  wave,  and  the 

velocity  of  this  wave  is  measured  by  the  value  of      ^ for  that 

VK/x 

dielectric.    By  the  velocity  of  the  wave  is  meant  the  quotient  of  wave 

length  by  the  periodic  time. 

In  considering  these  matters,  the  question  necessarily  arises : 
What  is  it  that  constitutes  an  electric  displacement  in  a  dielectric  ? 
Maxwell  never  committed  himself  to  any  opinion  as  to  the  exact 
nature  of  the  physical  change  which  he  called  the  electric  displace- 
ment. Mr.  Oliver  Heaviside  remarks  paradoxically  that  the  more 
general  or  more  vague  a  physical  theory,  in  one  sense  the  more 
likely  it  is  to  be  true,  or  perhaps  we  should  say  the  less  likely  it  is 
to  be  untrue.  This  vagueness,  however,  is  felt  by  some  students  to 
be  unsatisfactory ;  they  want  to  know  whether  an  electric  displace- 
ment is  to  be  considered  as  an  actual  motion,  or  a  stretch,  squeeze, 
or  rotation  of  an  sBthereal  medium  or  of  the  material  dielectric.  If 
told  that  not  only  do  we  not  know,  but  that  all  theories  on  this 
matter  are  most  probably  wide  of  the  mark,  they  are  apt  to  feel  a 
degree  of  disappointment.  We  are  on  safer  ground  when  we  are 
content  not  to  demand  too  much  detail  at  present,  provided  that  our 
hypothesis  is  sufficiently  definite  to  enable  it  to  become  the  foundation 
of  a  mathematical  analysis  of  the  phenomena. 

Mechanical  analogies  are  helpful  as  a  guide,  but  we  may  easily 
become  slaves  to  an  analogy  or  a  catch  phrase. 

In  order  that  we  may  create  an  electric  wave,  we  have,  however, 
to  create  a  state,  called,  for  the  sake  of  definiteness,  electric  displace- 
ment in  a  dielectric,  and  to  release  that  constraint  very  suddenly,  just 

2  D 
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as  to  produce  a  compresaional  wave  in  air  we  have  to  produce  or 
release  very  rapidly  an  air  compresBion. 

9.  Hertz's  ResaaroheB.— These  ideas  had  been  grasped  with 
some  degree  of  clearness  prior  to  the  publioation  of  the  celebrated 
memoirs  in  Wiedoiann's  Annaien  der  Pby»ik,  in  which  Hertz 
anDounoed  bis  discoveries  to  the  world.^B  It  is  to  him  we  are  indebted 
for  a  new  departure  on  the  subject  which  broaght  it  at  one  stroke 
within  the  regioo  of  experiment.  Hertz  equipped  the  secondary 
terminals  of  an  induction  coil  with  a  species  of  Leyden  jar  or 
condenser  which  is  now  known  as  a  Hertz  radiator.  This  consists 
of  a  pair  of  metallic  plates,  or  sometimes  balls,  having  attached  to 
them  short  rods  ending  in  knobs  placed  a  fraction  of  a  centimetre 
apart  (see  Fig.  2).     'Diese  knobs  are  connected  to  the  secondary 


Fio.  9.— HerU  Badiktoi  or  Onlllator. 

circuit  of  the  coil.  Hence,  as  the  secondary  electromotive  force 
accumulates,  the  plates  are  brought  to  a  difference  of  potentiEbl,  and 
lines  of  electrostatic  displacement  stretch  out  from  one  part  of  the 
oscillator,  which  we  will  call  the  positive  side,  to  corresponding 
points  oh  the  negative  side.  We  thus  have  a  strong  electric  dis- 
placement created  along  certain  lines  of  electric  force. 

Corresponding  to  a  critical  value  of  the  potential  difference,  the 
air  insulation  between  the  balls  breaks  down,  and  it  becomes  highly 
conductive.  Then  the  whole  radiator  becomes  one  conductor  for  the 
moment,  and  the  potential  difference  begins  to  equaUze  itself,  that  Is 
to  say,  a  current  flows  from  one  side  to  the  other,  creating  in  the 
space  around  a  magnetic  flux,  the  directioD  of  which  is  everywhere 
normal  to  the  direction  of  the  electric  displacement.  The  eteotroatatic 
energy  is  thus  transformed  into  electrokinetic  energy.  The  flux  then 
persists,  and  recreates  in  an  opposite  direction  electric  displacement. 
We  may  consider  an  illustration  of  the  process  as  follows  : — 

Let  a  flat  stretched  steel  spring  represent  the  oscillator,  and  on  it 
let  a  heavy  disc  be  keyed  like  a  wheel.  Let  the  ends  of  the  spring 
be  fixed  and  the  disc  turned  round,  the  spring  thus  being  twisted.  H 
then  the  wheel  is  released,  it  begins  to  move  under  the  action  of  the 
torsional  force.  It  acquires  kinetic  energy,  and  when  the  twist  of  the 
spring  has  disappeared,  the  wheel  is  possessed  of  all  the  energy  as 

"  Heiniich  Rudolf  Hertz  waa  born  at  Hamburg,  Febraary  23, 13ST,  and  died 
at  BoDD  on  January  1,  1891.  Hh  gradaated  at  the  Univerait;  of  Berlin,  and  was 
a  favourite  pupii  of  Von  Halmholtz.  In  1885  be  become  professor  at  tbe  Technical 
College  of  Karlsrube,  and  it  waa  there  that  Ma  epooh-making  investigatioDS  were 
began.  In  18B9  he  received  a  call  to  succeed  ClftuBius  at  Bonn.  In  July,  1888, 
bis  moat  Important  memoir  on  electro-magnetic  waves  in  air  was  pabliahed,  and 
St  once  attracted  general  attention  to  his  work. 
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rotational  energy.    This  then  expends  itself  in  reproducing  the  twist 
of  the  spring  in  the  opposite  direction. 

If  the  eleotric  oscillation  in  the  oscillator  is  started  sufficiently 
suddenly,  some  of  the  energy  is  thrown  off  in  the  form  of  a  displace- 
ment wave,  and  as  a  consequence  the  osdUations  of  the  radiator,  as 
Bjerknes  has  shown,  are  quickly  damped  out.  Accordingly,  when  the 
induction  coil  is  kept  going  we  have  groups  of  intermittent  oscillations, 
and  therefore  trains  of  electric  waves  thrown  off  which  travel  off  or 
spread  out  through  the  dielectric. 

Hertz  furthermore  devised  a  form  of  resonator  for  detecting  these 
electric  waves  at  any  point  in  space.  In  its  simplest  form  this 
consists  merely  of  a  nearly  closed 
ring  of  wire,  the  ends  hemg  pro- 
vided with  metalUc  balls  placed 
very  close  together  (see  Fig.  3a). 
The  ring  may  be  a  rectangle,  and 
it  may  have  a  condenser  inserted  in 
its  circuit,  as  in  the  arrangement 
due  to  Blondlot  (see  Eig.  8^).  In 
order  that  we  may  secure  the  sharp- 
ness of  breakdown  in  the  air  in- 
sulation which  is  necessary  to 
obtain  the  oscillations,  three  things 
seem  necessary. 

First,  the  spark-ball  surfaces 
must  be  bright  and  dean ;  secondly, 
no  ultra-violet  light  rays  must  fall 
on  the  balls,  especially  on  the 
negative  terminal ;  and,  thirdly,  the 
balls  must  be  at  a  certain  distance 
apart,  best  determined  by  experience. 

In  describing  experiments  with  the  Hertz  oscillator,  we  shall  call 
the  axis  of  the  radiator  the  direction  of  the  line  joining  the  centres  of 


Fio.  8a.— -Hertz  Besonator  or 
Beceiver. 


Fia.  86.— Blondlot  Beeonator. 


the  spark  balls,  and  the  line  through  the  spkrk,  perpendicular  to  this 
axis,  will  be  called  the  base  line.  Also  the  Hue  joining  the  spark 
balls  of  the  resonator  will  be  called  the  spark  axis  of  the  resonator. 
If  the  resonator  is  set  in  front  of  the  oscillator  with  its  centre  on  the 
base  line,  then  there  are  three  principal  positions  which  the  resonator 
may  occupy.     First,  its  plane  may  be  parallel  to  the  axis  of  the 
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radiator  and  perpendicular  to  the  base  line :  we  shall  call  this  the 
first  position  (see  Fig.  4a).  Secondly,  the  resonator  may  have  its 
plane  in  the  plane  containing  the  radiator  axis  and  the  base  line :  we 
shall  call  this  the  second  position  (Fig.  4&).  Thirdly,  the  resonator 
may  have  its  centre  on  the  base  line  and  its  plane  perpendicular  to 
the  plane  containing  the  radiator  axis  and  the  base  line,  and  placed 
so  that  its  plane  passes  through  the  spark  gap :  this  will  be  called 
the  third  position  (Fig.  4c). 

Hertz  found  that  when  the  resonator  is  placed  in  each  of  these 
three  positions  respectively,  but  not  too  close  to  the  radiator,  and  if 
at  the  same  time  the  resonator  is  turned  round  in  its  own  plane  so  as 
to  bring  the  spark  axis  of  the  resonator  into  various  positions,  different 
phenomena  present  themselves. 

In  the  first  place,  if  the  resonator  is  placed  in  the  first  position, 
and  with  the  spark  axis  of  the  resonator  parallel  to  that  of  the  radiator, 
then  when  the  radiator  is  sparking,  small  sparks  also  occur  between 
the  spark  balls  of  the  resonator;  but  if  the  resonator  is  turned 
round  in  its  own  plane,  so  that  the  spark  axis  of  the  resonator  is 
perpendicular  to  that  of  the  radiator,  then  no  sparks  occur  at  the 
resonator. 

In  the  next  place,  if  the  resonator  is  placed  in  the  third  position, 
with  its  plane  perpendicular  to  the  axis  of  the  oscillator,  then  no 
sparks  are  seen,  whatever  the  position  of  the  air  gap  of  the  resonator. 

When  the  resonator  is  placed  in  the  second  position,  with  its 
plane  parallel  to  and  passing  through  the  axis  of  the  radiator,  then 
sparks  are  seen  in  the  resonator  air  gap  when  that  gap  is  turned 
towards  the  oscillator,  but  they  become  less  and  less  bright  as  the 
resonator  is  turned  round  in  its  own  plane  until  when  the  air  gap 
is  turned  away  as  far  as  possible  from  the  oscillator  they  cease 
altogether. 

In  order  to  explain  this  spark  production  in  the  resonator,  it  is 
necessary  to  make  reference  to  a  fact  early  discovered  by  Hertz. 

If  the  resonator  is  attached  by  a  wire  to  one  terminal  of  the 
induction  coil,  then  when  the  coil  is  in  action,  vigorous'  sparking  is 
seen  at  the  spark  balls  of  the  resonator,  unless  the  connecting  wire  is 
attached  to  the  resonator  at  a  point  symmetrical  with  respect  to  the 
spark  balls.  This  is  due  to  the  inductance  of  the  resonator  circuit 
(see  Fig.  5). 

If  the  lengths  of  path  measured  along  the  resonator  from  the 
point  of  attachment  of  the  wire  to  the  spark  gap  are  unequal,  then, 
owing  to  their  unequal  inductance,  the  rise  or  fall  of  potential  pro- 
duced by  the  coil  terminal  takes  e£fect  first  at  the  spark  ball  attached 
to  the  branch  of  smaller  inductance. 

One  might  at  first  be  inchned  to  suppose  that  no  difference  of 
potential  could  be  created  between  two  balls  connected  by  a  short 
loop  of  wire,  but  although  this  is  the  case  when  low  frequency  oscil- 
lations are  used,  it  is  not  so  when  the  frequency  is  very  high. 

The  same  thing  holds  good  when  the  resonator  is  not  connected 
with  the  induction  coil  by  a  wire,  but  placed  at  a  distance  from  the 
oscillator.  In  this  case  electric  displacement  produced  by  the  radiator 
travels  to  the  resonator  through  the  dielectric.  If  the  spark  gap  of 
the  resonator  is  held  parallel  to  the  spark  gap  of  the  radiator,  then 
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Fig.  4a.— Hertz  Radiator 
and  Receiver  in  First 
Position. 


2'»*  POSITION' 


Fig.  46. — Hertz  Radiator  and 
Receiver  in  Second  Position. 


3**  POSITION 


Fig.  ic.— Hertz  Radiator 
and  Receiver  in  Third 
Position. 
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the  displacement  or  electrio  foroe  arriving  at  the  resonator  fills  the 
spark  gap  of  the  resonator  and  creates  there  an  alternating  displace- 
ment and  an  alternating  potential  difference  between  the  balls.  When 
this  reaches  a  certain  amphtude  the  air  insulation  breaks  down,  and  a 
small  spark  is  produced  between  the  ball  terminals  of  the  resonator. 
Even  although  the  resonator  and  the  spark  balls  are  connected  by  the 
resonator  wire,  this  does  not  hinder  the  creation  of  the  spark,  as  the 
inductance  of  that  wire  makes  it  a  practically  perfect  insulator  to  very 
suddenly  applied  potential  differences. 

If,  however,  the  resonator  is  held  in  a  position,  so  that  the  line 
joining  the  spark  balls  is  in  •&  direction  at  right  angles  to  the  spark 

axis  of  the  oscillator,  then  no 
spark  will  occur  in  the  reso- 
nator, because  the  electric 
force  arriving  there  is  not  in 
a  direction  to  create  potential 
difference  between  the  balls. 
If,  however,  the  plane  of  the 
resonator  is  in  the  plane  con- 
taining the  base  line  and  the 
spark  axis  of  the  radiator,  and 
if  the  spark  gap  of  the  reso- 
nator is  so  placed  that  its 
direction  is  perpendicular  to 
the  axis  of  the  vibrator,  then 
feeble  sparking  is  seen  in  the 
resonator.  This,  however,  is 
because  the  electric  force  dis- 
tribution is  disturbed  by  the 
metallic  circuit  of  the  reso- 
nator. 

The  direction  of  the  electric 
force,  and  therefore  the  dis- 
placement travelhng  through 
space,  in  the  neighbourhood  of  the  spark  balls  of  the  resonator  is 
then  no  longer  parallel  to  the  spark  axis  of  the  radiator,  but  is 
slewed  round  so  as  to  be  inclined  in  a  direction  to  the  spark  axis  of 
the  resonator.  Hence  the  effect  is  to  cause  a  displacement  across 
the  air  gap  of  the  resonator,  and  therefore  to  create  a  spark. 

We  may  ask,  then,  what  are  the  functions  of  the  wire  of  the 
resonator  if  the  spark  formation  is  due  to  the  action  of  electric  force 
propagated  from  the  oscillator  ?  To  answer  this,  we  must  analyze  a 
little  more  closely  what  takes  place  in  the  resonator  when  the  spark 
passes. 

The  resonator  is  a  circuit  possessing  capacity  and  inductance,  the 
spark  balls  forming,  so  to  speak,  the  condenser  portion  of  the  circuit; 
hence  it  has  a  natural  free  period  of  electrical  vibration.  If  in  the 
space  between  the  balls  alternating  electric  displacement  is  produced, 
being  propagated  to  that  point  through  the  dielectric,  this  displace- 
ment may  or  may  not  synchronize  in  period  with  the  free  period  of 
vibration  of  the  resonator.  If  it  does  time  in  with  it,  then  the  ampli- 
tude of  the  displacement  oscillations  is  increased,  and  a  point  is 
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Fio.  6. — Herts  Besonator  attached  to  One 
Termmal  of  the  Secondary  Circuit  of  an 
Induction  Coil. 


EIiEOTRIG  RADIATION  407 

reached  at  which  the  air  insulation  breaks  down  and  a  spark  then 
passes. 

Owing  to  the  fact  that  the  resonator  is  a  nearly  closed  circuit,  it  is 
a  very  bad  radiator,  and,  as  Bjerknes  has  shown  {Wied,  Ann.,  1891, 
vol.  44,  p.  74),  such  a  resonator  has  a  very  small  coefficient  of  damp- 
ing. If  it  is  a  circular  resonator  35  cms.  in  diameter,  as  used  by 
Hertz,  it  may  even  execute  1000  vibrations  before  the  electric  oscilla- 
tions are  practically  damped  out. 

It  is  obvious,  therefore,  that  oscillations  can  be  most  easily  set  up 
in  the  resonator  circuit  when  the  vibrations  of  electric  displacement 
which  give  rise  to  these  oscillations,  propagated  to  the  spark  gap,  are 
in  a  direction  parallel  to  the  spark  axis  of  the  resonator. 

In  the  case  in  which  the  resonator  is  placed  with  its  plane  lying 
in  the  plane  containing  the  axis  of  the  radiator  and  the  base  line,  the 
distribution  of  electric  displacement  is  disturbed,  as  already  explained, 
by  the  metallic  circuit  of  the  resonator,  and  the  advancing  wave 
surface  of  displacement  has  a  component  parallel  to  the  spark  axis 
of  the  resonator,  and  therefore  the  conditions  ard  such  as  to  be 
favourable  to  the  production  of  at  least  feeble  sparking. 

Hertz's  most  famous  discovery  with  the  above  described  simple 
resonator  was  the  proof  he  was  able  to  give  of  the  existence  of 
stationary  electric  waves  set  up  in  a  dielectric  or  in  space  bounded  by 
a  sheet  of  metal.  He  attached  to  his  induction  coil  terminals  a  radiator 
composed  of  two  square  sheets  of  metal  40  cms.  inside,  having  fixed 
to  them  rods  ending  in  brass  balls.  These  plates  were  arranged  with 
the  rods  in  one  line  and  the  balls  about  a  centimetre  apart,  the 
direction  of  the  rods  being  vertical  (see  Fig.  6).  As  a  resonator  he 
used  a  circular  wire  85  cms.  in  diameter,  with  the  ends  nearly  meeting 
and  furnished  with  spark  balls.  A  large  sheet  of  metal  was  set  up  at 
the  end  of  the  room,  and  the  radiator  with  axis  vertical  to  it  placed 
in  front  of  this  sheet.  The  resonator  was  held  with  its  plane  parallel 
to  the  metal  sheet,  and  its  spark  gap  parallel  to  the  spark  gap  of  the 
radiator. 

Under  these  conditions,  if  held  near  the  metal  sheet,  no  sparking 
occurred ;  but  if  moved  away  from  it,  sparks  were  seen,  and  at  a 
certain  distance  these  sparks  had  a  maximum  brilliancy ;  but  if  the 
resonator  was  removed  still  farther  from  the  metal  sheet,  a  position 
could  be  found  in  which  the  sparks  again  ceased. 

All  along  the  base  line,  therefore,  perpendicular  to  the  metal  sheet, 
it  was  found  that  there  were  positions  of  maximum  and  minimum 
sparking  indicating  a  periodicity  in  the  distribution  of  electric  force  in 
that  space. 

A  very  important  discovery  in  connection  with  this  phenomenon 
was  made  by  Sarasin  and  De  la  Bive  {Comptes  Rendus,  March  31, 
1891),  who  found  that  the  distance  between  two  non-sparking  places 
essentially  depended  upon  the  size  of  the  resonator,  and  was  approxi- 
mately equal  to  four  times  the  diameter  of  the  circular  resonator. 

The  earliest  view  taken  of  the  effect  was  that  the  radiator  creates 
stationary  dielectric  waves  of  definite  wave  length,  and  that  the 
resonator  indicates  this  wave  length  by  sparking  when  held  as 
described  at  places  of  maximum  electric  force.  But  it  is  found  that 
the  size  of  the  radiator  very  little  affects  the  result. 
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Another  hypothesis  was  that  the  radiator  sends  out  waves  of  all 
wave  length,  resemhling,  therefore,  white  light,  and  the  resonator 
picks  out  and  responds  to  its  own  particular  wave  length.  But  this 
hypothesis  is  not  justified  hy  any  facts.  The  most  probable  explana- 
tion was  that  given  by  M,  Poincar^,  in  1891,  and  also  by  Professor 
Sir  J.  J.  Thomson  ('*Eecent  Besearohes  on  Electricity  and  Mag- 
netism," p.  402).  The  Hertz  radiator,  as  shown  by  Bjerknes,  is  a 
very  strongly  damped  system,  and  at  each  discharge  hardly  makes 
more  than  a  dozen  oscillations,  even  if  so  many,  before  its  electrical 
vibrations  are  damped  out. 

Suppose  the  resonator,  then,  held  at  a  distance  from  the  metal 
wall  equal  to  a  quarter  the  wave  length  corresponding  to  this  par- 
ticular resonator,  then,  as  the  electric  force  passes  over  it,  it  will  create 
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Fio.  C— Hertz  Resonator  used  to  detect  Electric  Waves  reflected  from 

a  Metal  Sheet,  M. 


a  displacement  between  spark  balls.  This  displacement  travels  on,  is 
reflected  from  the  wall,  and  returns.  If  it  returns  at  such  a  moment 
as  to  assist  the  displacement  then  being  made  between  the  spark 
balls  of  the  resonator,  the  amplitude  of  this  displacement  is  increased, 
and  a  succession  of  such  assistances  will  break  down  the  insulation 
of  the  air  and  a  spark  will  occur.  It  is  clear,  therefore,  that  this 
reinforcement  of  the  displacement  amplitude  will  occur  when  the 
distance  of  the  resonator  from  the  metallic  wall  is  a  quarter  of  its 
own  wave  length.  Sarasin  and  De  la  Bive  used  resonators  of  various 
diameters  (D),  as  shown  in  the  table  below,  and  measured  the  dis- 
tance -  between  places  of  maximum  sparking  in  the  field. 
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Distance  between  two 

D 

. 

41). 

adUaoent  points  of  maxi- 

mum iparklng  =  a/2  j. 

100  cms. 

400  < 

Bins. 

406  cms. 

76 

800 

282     „ 

60 

200 

222     „ 

86 

140 

162     „ 

26 

100 

120     „ 

20 

80 

86     „ 

10 

40 

38    ., 

Acoordingly,  the  distances  between  the  positions  of  the  resonator 
when  the  maximum  sparking  takes  place  in  its  air  gap,  reveal,  not  the 
wave  length  of  pre-existing  stationary  waves,  but  the  oscillation  period 
or  wave  length  corresponding  to  the  resonator  itself.  Nevertheless, 
they  prove  the  existence  of  stationary  dielectric  waves  in  the  space 
between  the.  metal  sheet  and  the  radiator,  and  therefore  that  the 
electromagnetic  impulses  travel  through  space  with  a  finite  velocity. 
On  referring  to  the  last  table,  it  will  be  seen  that  the  wave  length 
observed  was  very  nearly  equal  to  eight  times  the  diameter  of  the 
circular  resonator.  Professor  H.  M.  Macdonald  has  shown,  in  his 
book  on  "  Electric  Waves  "  (see  p.  112),  that  by  theory  the  funda- 
mental wave  length  proper  to  a  circular  resonator  is  7*95  times  its 
own  diameter.  The  singular  agreement  between  theory  and  experi- 
ment shows  that  the  resonator  does  not  indicate  the  wave  length  of 
a  train  of  waves  of  definite  wave  length  passing  through  space,  but 
that  it  is  set  in  vibration  by  an  electric  impulse  administered  to  it, 
and  this  calls  forth  its  own  natural  proper  vibration.  The  only 
satisfactory  explanation  of  the  phenomena  is  that  which  is  based 
upon  Bjerknes'  discovery,  that  the  oscillations  sent  out  by  the  Hertz 
radiator  are,  as  we  have  already  seen,  highly  damped,  whilst  the 
oscillations  of  the  nearly  closed  resonator  are  very  slightly  damped ; 
hence  the  radiation  proceeding  from  the  radiator  consists,  at  most,  of 
half  a  dozen  rapidly  damped  oscillations  constituting  each  train, 
whereas  the  resonator,  when  set  in  vibration,  may  execute  1000 
oscillations  before  they  are  extinguished.  This  fact  has  an  important 
bearing  upon  the  theory  of  the  arrangements  used  in  wireless 
telof^raphy,  as  we  shall  see  later  on. 

The  Hertz  resonator  resembles  the  simple  Marconi  aerial  in 
possessing  a  large  radiation  decrement,  that  is,  its  oscillations  are 
highly  damped  by  reason  of  radiation,  whereas  the  receiving  circuits 
employed  are  generally  circuits  having  very  small  radiation  decre- 
ment. 

6.  Repetition  of  Hertz's  Experiments  on  Electric  Radiation. — 
It  is  a  difficult  matter  to  repeat  Hertzes  own  experiments  on  this  sub- 
ject even  in  a  laboratory,  and  almost  impossible  to  show  them  to  a 
large  audience.  Nevertheless,  the  facts  are  so  important,  and  an 
experiment  shown  is  so  much  more  valuable  than  a  statement,  that 
the  author  has  devoted  much  attention  to  devising  apparatus  suitable 
for  lecture  purposes  by  which  the  principal  facts  of  electro-optic  can 
be  shown  even  to  large  audiences.    For  this  purpose  he  constructed 
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a  special  form  of  radiator  and  receiver.  The  radiator  consists  of  a 
zinc  box,  A,  with  one  end  closed,  but  open  at  the  opposite  end  (see 
Fig.  7).  "Ftom.  the  sides  of  the  box  protrude  zinc  tuoes.  In  these 
zinc  tubes  are  fixed  ebonite  tubes,  each  of  which  contains  a  rod  of 
brass  4  inches  long,  ending  in  a  brass  ball  1  inch  in  diameter.  The 
rods  are  attached  to  long  spirals  of  guttapercha-covered  iwire,  which 
fill  up  the  rest  of  the  ebonite  tube. 

The  rods  are  so  fixed  that  the  balls  are  held  about  a  millimetre 
apart  in  the  interior  of  the  zinc  box.  The  outer  end  of  the  wire 
spirals  are  connected  with  the  secondary  circuit  of  an  induction  coil. 
When  the  coil  is  in  action  sparks  pass  between  the  balls  and  create 
electric  waves  about  8  inches  in  wave  length,  which  issue  from  the 
open  mouth  of  the  zinc  box.    The  use  of  the  wire  spiral  at  the  end 
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Fio.  7. — Apparatus  for  producing  and  detecting  Electric  Waves.  S,  spark  balls 
in  metal  box,  A,  with  open  mouth ;  G,  coherer  in  metal  box,  B,  with  open 
mouth;  B,  relay;  G,  electric  bell ;  B,,  relay  battery;  B,,  electric  beU  battery. 


of  the  rod  is  to  prevent  the  waves    from   travelling  out  at  the 
side  tube. 

The  receiver  B  (see  Fig.  7)  consists  of  a  similar  box  containing  a 
simple  form  of  nickel-filings  coherer,  or  electric  wave  detector.  For 
the  details  and  description  of  the  mode  of  action  of  this  device,  called 
the  coherer,  G,  the  reader  must  be  referred  to  the  next  chapter.  The 
wires  in  connection  with  the  coherer  are  brought  out  through  a  metal 
pipe,  which  must  be  screwed  or  soldered  into  the  box.  This  pipe  is  a 
couple  of  yards  in  length,  and  leads  to  an  open  metal  box,  in  which 
is  placed  an  electric  bell,  G,  battery,  Bj,  relay,  B,  and  relay  battery,  B|, 
so  joined  up  that  when  the  metal  filings  in  the  sensitive  tube  become 
conductive,  the  relay  is  traversed  by  a  current  and  sets  the  electric 
bell  in  action.  The  sensitive  tube  is  restored  to  non-conductivity  by 
giving  the  receiver  box  a  smart  knock  vdth  the  fingers.  The  radiator 
box  is  held  on  a  stand,  so  that  it  can  be  placed  with  its  axis  at  any 
angle. 

Furnished  with  this  apparatus,  we  can  generate  a  nearly  parallel 
beam  of  electric  radiation,  the  wave  length  of  which  is  only  about 
8  inches.  By  its  aid  we  can  follow  out  a  series  of  demonstrations, 
proving,  as  Hertz  first  showed,  that  this  electric  radiation  is  capable 
of  reflection,  refraction,  and  interference,  and  that  various  substances 
are  opaque  to  it  and  others  transparent.  Moreover,  this  radiation,  he 
showed,  was  stopped  by  a  grating  of  fine  wires  placed  with  their  x 
direction  parallel  to  that  of  the  electric  force  or  axis  of  the  radiator. 
Since  Hertz's  experiments  were  made,  many  have  traversed  the  same 
^ound,  and  gleaned  much  additional  knowledge. 
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It  is  now  well  known  that  to  prodaoe  8ucce80f  ully  on  a  moderately 
small  scale  optical  effects  with  electrical  radiation,  it  is  necessary  to 
employ  radiators  of  small  dimensions. 

Professor  A.  Bighi,  in  1894,  described  investigations  made  with  an 
oscillator  consisting  of  two  metallic  spheres  3*75  cms.  in  diameter, 
immersed  in  oil.  These,  when  actuated  by  a  large  induction  coil, 
produced  electric  waves  10*6  cms.  in  length.  The  resonator  consisted 
of  a  piece  of  glass  silvered  along  a  certain  strip  4  cms.  in  length,  and 
one-fifth  of  a  centimetre  (see 
Fig.  8).  Across  the  centre  of 
this  strip  a  minute  scratch  was 
made,  forming  the  spark  gap, 
and  a  microscope  was  employed 
to  observe  the  tiny  sparks  in 
this  spark  gap. 

With  this  apparatus,  or  with 
another  circula^  or  ring-shaped 
resonator  formed  in  the  same 
way  of  silver  deposited  upon 
glass,  Bighi  obtained  electrical 
equivalents  of  all  the  familiar 
optical  facts,  the  resonator  act- 
ing as  an  eye  to  detect  the  invisible  radiation.  Since  that  time  other 
workers,  such  as  Lebedew,  Bose,  and  Lampa,  have,  by  reducing  the 
dimensions  of  the  apparatus  yet  further,  decreased  the  wave  length 
of  electrical  waves  to  about  4  cms.,  and  obtained  electrical  radiation 
the  wave  length  of  which  is  only  fifty  to  sixty  times  longer  than  that 
of  the  longest  heat  rays  which  have  been  sifted  out  by  repeated 
reflection  from  a  luminous  source  of  radiation,  such  as  the  Welsbach 
gas  radiator. 

This  electrical  radiation  penetrates  easily  through  dielectric  bodies. 
It  is  completely  reflected  from  metallic  surfaces,  and  is  also  more  or 
less  reflected  from  the  surface  of  insulators. 

These  facts  can  be  easily  exhibited  with  the  above-described 
apparatus.  If  the  radiator  box  and  the  receiver  box  are  placed  with 
their  open  ends  towards  each  other  and  about  a  couple  of  feci  apart, 
the  axes  being  in  the  same  straight  line,  we  find  that  on  pressing  a 
key  in  the  primary  circuit  of  the  induction  coil  the  bell  in  the  receiver 
circuit  rings.  If,  however,  a  sheet  of  tin,  or  tinfoil,  or  even  of  silvered 
paper,  is  interposed,  the  radiation  is  cut  off.  A  sheet  of  perforated 
zinc,  a  wet  duster,  and  even  the  human  hand  or  body,  are  found  to  be 
perfectly  opaque.  On  the  other  hand,  a  slab  of  wood,  paraffin,  wax, 
pitch,  glass,  ebonite,  leather,  dry  cloth,  and  all  other  insulators  are 
transparent.  Conductors  of  any  land  are  opaque.  Amongst  liquids, 
water,  alcohol,  glycerine,  and  amyl  alcohol  are  also  opaque ;  whilst 
paraffin  oil,  turpentine,  bisulphide  of  carbon,  and  creosote  are  very 
transparent. 

If  we  turn  the  radiator  so  that  its  open  mouth  is  not  directly 
towards  that  of  the  receiver,  we  find  that  the  receiver  is  not  affected, 
showing  that  the  radiation  is  not  entering  it.  We  can,  however, 
reflect  the  radiation  into  the  receiver  by  using  as  a  reflector  a  sheet  of 
metal,  a  wet  cloth,  the  hand,  or  a  moist  sheet  of  glass.     We  can  easily 
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prove  that  this  radiation  obeys  the  optical  law,  and  that  the  angle  of 
incidence  is  equal  to  the  angle  of  reflection.  All  good  reflectors  are 
opaque  to  the  radiation.  It  is  curious  to  notice  how  much  of  the 
radiation  is  reflected  from  a  sheet  of  window  glass  unless  carefully 
dried.  This  is  due  to  the  fllm  of  moisture  generally  present  upon  it.^^^ 
.By  examining  the  reflection  from  dielectrics  such  as  glass  and 
paraffin,  Professors  MtzGerald  and  Trouton  were  enabled  to  settle  the 
long-disputed  question  as  to  the  direction  of  the  vibration  in  relation 
to  the  plane  of  polarization  in  plane  polarized  Hght. 

According  to  Fresnel,  the  luminous  vibration  is  at'  right  angles 
to  the  plane  of  polarization,  that  is,  to  the  plane  of  reflection  when 
hght  is  polarized  by  reflection,  whilst  according  to  MacGuUagh  it  is 
coincident  with  that  plane. 

Th6  theory  of  electric  waves  indicates,  as  we  have  seen,  that  we 
are  concerned  with  two  vectors,  one  the  magnetic  force  and  the  other 
the  electric  force,  and  that  both  these  periodically  vary.  Theory 
indicates  that  the  electric  force  is  perpendicular  to  the  plane  of 
polarization.  This  conclusion  was  verified  by  FitzGerald  and  Trouton, 
for  electric  waves  were  found  not  to  be  reflected  at  the  polarizing 
angle  from  the  surface  of  a  dielectric  when  the  electric  force  is  parallel 
to  the  plane  of  polarization ;  but  reflection  occurs  at  all  angles  when 
the  electric  force  is  perpendicular  to  that  plane.  In  the  electric  ray, 
therefore,  the  electric  force  is  perpendicular  to,  and  the  magnetic  force 
parallel  to  or  in,  the  plane  of  polarization. 

Some  of  the  most  interesting  results  in  the  study  of  electric  waves 
are  those  which  have  flowed  from  experiments  made  on  the  refraction 
of  these  electric  rays.  By  the  use  of  e^  colossal  prism  of  pitch,  having 
a  refracting  angle  of  30^,  Hertz  was  able  to  discern  a  refraction  of  22^ 
when  long  electric  waves  were  incident  on  the  prism,  indicating  a 
refractive  index  of  1*69.  It  is  convenient  to  call  the  refractive  index 
so  determined  the  electrical  refractive  index,  and  the  refractive  index 
for  luminous  or  visible  light  the  optical  refractive  index. 

With  the  author's  apparatus,  it  is  very  easy  to  exhibit  the  power 
of  insulators  to  refract  this  radiation  with  a  prism  of  quite  small 
dimensions.  A  paraffin  prism  having  a  refracting  angle  of  60^,  the 
length  of  each  side  being  about  6  inches,  is  constructed.  If  we  set 
the  radiator  and  receiver  boxes  in  such  positions  that  the  electric  ray 
emerging  from  the  radiator  just  escapes  the  receiver,  and  so  does  not 
directly  affect  it,  we  shall  find  that  on  introducing  the  above-mentioned 
paraffin  prism  in  the  path  the  electric  ray  is  refracted  just  as  would 
be  a  ray  of  light  by  a  glass  prism  (see  Fig.  9).  With  a  little  care,  it 
is  easy  to  measure  the  deviation  of  the  ray  produced  by  the  prism, 
and  hence  to  calculate  the  electric  index  of  refraction  of  the  material. 
The  author  has,  in  this  manner,  measured  with  his  apparatus  the 
refractive  index  of  paraffin  wax  and  also  of  dry  ice,  employing  for 
this  purpose  a  large  ice  prism,  cut  with  the  saw  out  of  a  block  of 
ice.  The  refracting  angle  r  of  the  paraffin  prism  was  60°,  and  the 
minimum  deviation  d  of  the  electric  ray  produced  by  it  was  45°  to  60°. 
In  the  case  of  the  ice,  the  refracting  angle  of  the  prism  was  50°, 

^*  Prof.  Trouton  has  Bhown  that  in  this  case  the  reflection  is  really  due  to  a 
film  of  moisture  on  the  glass.  There  is  no  reflection  from  a  sheet  of  perfectly 
dry  glass. 
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and  the  Daimmani  deviation  of  the  ray  was  also  50°.     Hence,  by  the 
formula — 

.:'  +  '' 


we  have  for  the  parafBn  a  value  of  the  electric  refmetive  index — 

.    60° +  30° 

^        -  ^^S  =  2  sin  55°  =  1-64 
ain  30° 


ood  for  the  ice — 


50^+W° 
°        2    "         gJD  50°  _ 
T'y?  Bin  25°  " 


By  Maswell's  taw  the  sqaaree  of  these  indices  should  be  equal  to 


Fio.  9.— Sefmotiou  ol  an  Electric  Beam  b}r  a  PuAffin  Prise 


the  dielectric  constante.  The  square  of  164  iB  nearly  27,  and  the 
aquare  of  183  is  nearly  3-34. 

The  values  obtained  b^  electrostatic  methods  for  the  dielectric 
constant  of  paraffin  wax  give  numbers  not  far  from  2.  The  values 
obtained  for  ice  at  or  near  0°  C,  by  low  frequency  on  electtostatic 
methods,  give  values  near  80.  If,  however,  the  ice  is  taken  at  very 
low  tempBraturea  (— 190°  C.),tben  for  low  frequency  we  find  values  of 
the  dielectric  constant  near  3*0  and  under.  (See  Flemmg  and  Dewar, 
Proe.  Boy.  Soc.  Load.,  1897,  vol.  61,  p.  2,  on  the  "  Dielectric  Constant 
of  Ice  at  Low  Temperatures.") 

It  is  interesting  to  notice  that  M.  C.  Oulton  (Comptss  Rendux,  1900, 
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vol.  130,  p.  1119 ;  or  Science  AbetraeU^  vol.  3,  p.  545)  has  by  another 
electric  wave  method,  determined  the  electric  refractive  index  of  dry 
ice  at  a  little  below  0^  G.  He  found  the  ice  did  not  perceptibly 
absorb  electric  waves.  He  determined  the  refractive  index  to  be  1*76, 
corresponding  to  a  dielectric  constant  3'1.  The  wave  length  used 
was  14  mm.  He  also  measured  the  refractive  index  for  waves  of 
25  cms.  in  length,  and  up  to  2000  cms.  He  discovered  that  the 
electric  refractive  index  progressively  decreases  from  1*76,  correspond- 
ing to  the  14  mm.  waves,  down  to  1*50  for  waves  2088  cms.  in  length. 
This  last  gives  a  dielectric  constant  of  2*25,  which  is  not  far  from  the 
value  2*0,  found  by  M.  Blondlot  for  still  greater  wave  lengths.  Hence 
the  rather  rough  experiment  made  by  the  author  with  an  ice  prism 
gives  a  result  for  the  dielectric  constant  which  is  not  greatly  different 
from  those  found  by  other  electrical  methods  when  the  disturbing 
influence  of  temperature  is  eliminated.  The  observed  values  of  the 
deviation  of  the  ray  by  the  prism  used  by  the  author  are  unquestion- 


Sio.  10.— Convergenoe  of  an  Electric  Beam  by  a  Paraffin  Lens. 

ably  only  approximate  values,  as  the  radiation  emitted  from  the 
radiator  is  far  from  being  a  well-defined  ray.  It  is  remarkable,  in 
fact,  that  when  dealing  with  radiation,  the  wave  length  of  which  is 
so  large  compared  with  the  dimensions  of  the  prism,  one  should  be 
able  to  obtain  any  well-marked  refraction  at  all. 

The  author  has  also  succeeded,  with  the  same  apparatus,  in 
showing  the  total  internal  reflection  of  the  ray  by  a  right-angled 
prism  of  paraffin.  Most  interesting  of  all,  however,  is  the  concentra- 
tion of  the  electric  ray  by  paraffin  lenses.  It  is  easy  to  cast  a  piano- 
cylindrical  lens  of  paraffin  wax.  The  radius  of  curvature  of  the 
curved  side  may  be  6  inches,  and  the  focal  length  is  then  12  inches. 
Two  conjugate  foci  exist  for  such  a  lens  (made  of  a  material  of 
refractive  index  2),  at  equal  distances  of  24  inches  on  either  side  of 
the  lens.  If  we  place  the  radiator  box  and  receiver  box  at  a  distance 
of  4  feet,  we  may  so  adjust  the  receiver  that  the  direct  radiation  is 
too  weak  to  cause  the  bell  to  ring.  If  we  interpose  the  paraffin  lens 
halfway  between,  it  converges  the  radiation  on  to  the  receiver  and 
creates  an  electrical  focus  at  or  near  the  sensitive  tube  or  box,  and 
the  bell  of  the  receiver  at  once  rings  (see  Fig.   10).     This  shows 
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clearly  that  the  parafBn  lens  gathers  up  the  diverging  electric 
radiation  aad  focosBeB  it  on  to  the  receiver. 

With  the  same  apparatus,  interesting  esperimentB  can  be  shown 
iUustrating  the  action  of  gratings  on  this  electric  radiation. 

If  we  interpose  in  the  path  of  the  ray  a  grid  made  by  winding 
'  wire  over  a  frame  (see  Pig.  11),  it  is  found  that  this  grid  is  opaque  to 
the  radiation  if  the  vdres  are  held  parallel  to  the  electric  force  of  the 
ray,  but  transparent  if  they  are  held  parallel  to  the  magnetic  force. 
The  reason  for  this  seems  to  be  that  in  the  former  case  secondary 
electric  currents  are  set  up  in  the  wires,  and  these  shield  the  receiver 
from  the  original  radiation,  because  the  magnetic  force  of  the  induced 
oorrent  is  exactly  opposite  in  phase  to  the  magnetic  force  of  the 
original  ray  at  that  point  where  the  wire  is  situated,  and  hence  at 


the  point  where  the  coherer  is  situated,  and  accordingly  a  complete 
shielding  takes  place. 

The  author  has  found  that  a  set  of  large  pins,  arranged  parallel  to 
each  other  at  a  little  distance  apart  on  a  ^eet  of  paper,  acts  in  a 
similar  manner;  but  a  set  of  very  small  or  midget  pins  similarly 
arranged  is  not  an  effective  screen.  The  use  of  the  small  pins  simply 
amounts  to  the  cutting  up  of  a  large  wire  into  very  short  lengths,  and 
this  effectually  prevents  the  induction  in  it  of  any  sensible  current. 

A  lai^e  number  of  different  methods  have  been  employed  for 
determining  the  electrical  refractive  index  of  dielectrics.  One  of  the 
moat  simple  of  these  Is  to  employ  a  Hertz  resonator  of  rectangular 
form,  having  spark  balls  at  the  centre  of  one  side,  and  a  wire  attached 
to  the  centre  of  the  opposite  side,  this  wire  being  connected  to  the 
secondary  terminal  of  an  induction  coil.  When  the  coil  is  set  in 
operation,  no  sparks  would  then  be  found  to  occur  at  the  spark  balls 
of  the  resonator,  because  the  electrical  oscillations,  starting  from  the 
point  of  origin,  arrive  at  the  spark  balls  by  two  different  routes  of 
equal  length.  If,  however,  one  side  of  the  rectangle  is  immersed  in 
paraffin,  sulphur,  or  any  otJier  dielectric,  the  equality  is  broken  dovm 
and  sparking  would  occur.  This  sparking  can  only  be  stopped  by 
lengthening  the  opposite  side  of  the  rectangle  so  as  to  increase  its 
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inductance,  and  when  this  is  the  case  the  product  of  inductance  and 
capacity  of  each  side  must  he  equal.  Hence  we  can  deduce  the 
dielectric  constant,  and  therefore  the  refractive  index  of  the  material 
in  which  one  side  of  the  rectangle  is  immersed. 

Experiments  of  this  kind  niade  hy  Sir  J.  J.  Thomson,  to  determine 
the  electrical  index  of  refraction  of  paraffin  and  sulphur,  gave  values 
respectively  of  1*35  and  1*7,  indicating  dielectric  constants  equal  to 
1-8  and  2-9. 

By  a  similar  and  more  sensitive  arrangement,  Arons  and  Buhens 
found  the  electrical  refractive  indices  of  certain  substances  to  be  as 
follows : — 

Castor  oil 2*05 

Olive  oil 1-71 

Xylol 1-60 

Petroleum 1-40 

The  values  for  the  electrical  refractive  index  were  found  to  be  in 
fair  agreement  with  the  dielectric  constants  of  the  same  substances, 
as  determined  by  slow  alternations  of  electric  force. 

Similar  measurements  have  been  made  by  A.  D.  Cole,  by  deter- 
mining the  reduction  in  wave  length  which  occurs  when  the  parallel 
wires  of  a  Lecher  arrangement  are  passed  through  a  trough  contain- 
ing liquid.  Cole  has  measured  in  this  way  the  electrical  refractive 
index  of  water  and  alcohol  ( Wied.  Ann,,  1896,  vol.  57,  p.  290): 

In  the  first  experiment,  waves  having  a  wave  length  of  300  to  600 
cms., length  in  air  were  used.  The  wave  length  in  water  for  the  same 
frequency  was  about  one-ninth  part  of  the  wave  length  in  air,  the 
exact  ratio  being  8*9,  which  is  therefore  the  electrical  refractive  index 
of  water.  This  number  agrees  very  well  with  similar  measurements 
by  Drude,  using  waves  of  60  cms.  in  length,  which  gave  the  value  8*7 
for  the  electrical  refractive  index  of  water.  The  square  of  8*9  is  79-21, 
which  is  almost  identical  with  the  value  of  the  dielectric  constant  of 
water  as  determined  by  electrostatic  methods,  such  as  that  employed 
by  Heerwagen. 

Electrical  waves  having  a  wave  length  of  209  cms.  in  air  have 
been  found  to  give  for  alcohol  an  electrical  refractive  index  of  5*24, 
and  the  square  of  this  last  number  agrees  very  well  with  the  electro- 
static or  low  frequency  determinations  of  the  dielectric  constant  of 
alcohol. 

By  employing  short  electric  waves,  5  cms.  or  so  in  wave  length, 
Cole  was  able  to  measure  the  electrical  refractive  indices  of  water  and 
alcohol  by  an  indirect  method.  A  sheet  of  zinc,  1  mm.  thick,  is  found 
to  reflect  the  electric  ray  practically  without  loss  at  45**,  when  the 
electric  component  is  perpendicular  to  the  plane  of  incidence. 
Measurements  of  the  reflective  power  of  a  water  surface  at  the  same 
incidence  (45°)  show  that  the  reflective  power  is  71*8  per  cent,  when 
the  electric  component  is  perpendicular  to  the  plane  of  incidence.  In 
this  latter  case  the  zinc  surface  would  reflect  92  per  cent. 

By  applying  two  formulas  due  to  Fresnel,  the  index  of  refraction 
can  be  determined  from  these  data.  For  water  the  value  deduced 
was  8-85,  for  alcohol  the  electrical  refractive  index  lies  between  345 
and  3-25. 
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Hence,  it  appears  that  in  the  case  of  alcohol  there  is  a  rapid 
diminution  in  the  refractive  index  as  the  wave  length  is  shortened 
from  300  or  600  cms.  to  5  cms.,  but  for  wave  length  variation  over 
the  same  range  little  or  no  such  diminntion  occurs  in  the  case  of 
water. 

The  above  facts,  however,  show  that  in  the  case  of  both  these 
fluids  there  must  be  considerable  anomalous  dispersion.  It  is  well 
known  that  within  the  limits  of  ordinary  visible  spectrum  a  decrease 
in  the  wave  length  of  the  refracted  light  is  accompanied  by  an 
increase  in  refractive  index  in  the  case  of  most  transparent  bodies. 

For  instance,  when  light  passes  through  water,  alcohol,  or  bisul- 
phide of  carbon,  the  waves  which  produce  the  sensation  of  violet  light 
are  shorter  in  wave  length  and  have  a  larger  refractive  index,  and  are 
therefore  more  refracted  than  those  which  produce  the  sensation  of 
red  light.  But  this  is  not  universally  the  case.  Many  substances  are 
known,  such,  for  instance,  as  an  alcoholic  solution  of  fuchsine,  which 
possess  anomalous  dispersion,  and  for  these  substances  the  red  rays 
are  not  less  refracted  than  the  violet ;  but  the  order  of  the  colours  in 
the  spectrum  is  entirely  changed.  If  light  is  passed  through  a  thin 
prism  formed  with  the  above  solution,  the  violet  rays  are  found  to 
be  less  refracted  than  the  red.  This  anomalous  dispersion  always 
accompanies  great  local  absorption  in  the  spectrum ;  and  as  Eundt 
has  pointed  out,  wherever  there  is  a  strong  absorption  band  in  the 
spectrum  the  refractive  index  is  abnormally  increased  below  the  band 
and  abnormally  diminished  above  the  band  in  going  up  the  spectrum 
from  the  red  to  the  violet. 

In  the  case  of  water,  the  optical  refractive  index  for  waves  having 
a  wave  length  within  the  limits  of  the  visible  spectrum  is  a  number 
lying  between  1*4  and  1*3,  a  decrease  in  the  refractive  index  within 
these  limits  corresponding  to  an  increase  in  wave  length.  If,  how- 
ever, the  incident  wave  length  is  increased  in  length  up  to  5  cms.  or 
upwards  by  employing  electrical  waves,  the  refractive  index  rises  to  a 
number  not  far  from  8*9,  and  all  experiments  show  that  when  using 
electric  waves  having  wave  lengths  between  the  limits  of  6  metres 
and  6  mm.,  the  electrical  refractive  index  of  water  is  a  number  not 
far  from  8-9. 

Hence,  there  must  be  a  large  fall  in  refractive  index  in  passing 
from  the  frequency  6  X  10^^,  corresponding  to  waves  of  5  mm.  in 
length,  to  the  frequency  of  400  X  10^^,  corresponding  to  the  waves 
which  give  rise  to  red  Ught  which  have  a  wave  length  of  about 

Accordingly,  it  is  dear  that,  in  the  case  of  water,  when  we  select 
a  sufficiently  wide  range  of  vibrations,  there  must  be  a  marked 
anomalous  dispersion.  This  may  be  connected  with  the  strong 
absorption  band  which  is  known  to  exist  in  the  case  of  water  in  the 
ultra>red  spectrum. 

For  alcohol,  it  has  been  found  that  in  passing  from  electric  waves 
having  a  wave  length  of  8  or  9  metres  to  waves  having  a  wave  length 
of  about  8  mm.,  the  electrical  refractive  index  drops  from  a  value  of 
5  or  thereabouts  to  a  value  of  2*5.  In  other  words,  the  refractive 
index  diminishes  with  the  wave  length ;  hence  it  is  clear  that  here 
also  there  must  be  anomalous  dispersion. 

2  E 
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One  of  the  results  which  has  emerged  from  these  investigations  is 
the  proof  that  is  afforded  by  them  of  the  fact  that  a  change  in 
frequency  has  a  very  much  greater  effect  i^n  the  electrical  refractive 
index  of  some  substances  than  others.  Thus,  as  regards  ice,  it  has 
been  shown  by  M.  E.  Bouty  that  when  using  low  frequency  alterna- 
tions of  electric  force,  the  dielectric  constant  of  ice  at  — 23^  G.  and 
upwards  has  a  value  78*8.^^  Dr.  J.  Hopkinson  and  Professor  £. 
Wilson  also  made  determinations  of  the  same  constant,  and  found 
that  for  alternations  lying  between  10  and  100  a  second  the  dielectric 
constant  of  ice  is  a  number  of  the  order  of  80. 

M.  Blondlot  {Comptes  Rendus,  1894,  vol.  119,  p.  595),  using  electric 
waves,  has  measured  the  electrical  refaractive  index  of  ice  and  found 
a  value  of  1*41  for  it,  corresponding  to  a  dielectric  constant  2.  The 
experiments  of  Dr.  Hopkinson  and  Professor  Wilson  showed  that  the 
dielectric  constant  of  ice  measured  with  a  frequency  of  a  million  is  a 
number  less  than  3.  Blondlot's  value  for  the  electrical  refractive 
index  of  ice  has  been  confirmed  by  A.  Perrott  {Comptes  Rsndns,  1894, 
vol.  119,  p.  601),  who  found  the  value  of  1*43  of  the  electrical 
refractive  index. 

We  see,  therefore,  that  for  even,  comparatively  speaking,  very 
moderate  increase  in  frequency  the  electrical  refractive  index  of  ice 
falls  to  a  value  not  far  from  that  of  its  optical  refractive  index,  whereas 
over  the  same  range  of  frequency  the  electrical  refractive  index  of 
water  still  maintains  a  value  8*9,  which  is  far  above  the  value  of  its 
optical  refractive  index.  This  and  many  other  similar  facts  appear 
to  show  that  when  liquid  dielectrics  of  high  dielectric  constant  pass 
into  the  solid  state,  these  abnormally  large  values  of  electrical 
refractive  indices  are  more  easily  reduced  to  an  approximation  in 
value  to  the  optical  refractive  indices  by  increased  frequency  than 
are  those  of  the  corresponding  liquids.^^^ 

As  regards  glass,  Bose  has  measured  the  index  of  refraction  of 
glass  for  electric  waves  by  a  method  resembhng  the  optical  method 
of  total  reflection  due  to  Terquem  and  Trannin,  using  electric  waves 
having  a  frequency  of  lOi®  or  a  wave  length  of  3  cms.  By  four 
different  methods  he  found  a  value  for  the  electrical  refractive  index 
of  glass  close  to  2*04 ;  the  value  of  the  optical  refractive  index  for  the 
D  rays  for  the  same  glass  was  1*53.  The' dielectric  constant  of  this 
glass,  when  determined  by  static  methods,  would  probably  have 
yielded  a  ntunber  not  far  from  6 ;  the  square  root  of  its  dielectric 
constant  would  probably  have  been  a  numoer  lying  between  2*5  and 
3.  Hence  the  electrical  refractive  index  has  a  number  approximating 
more  closely  to  the  optical  refractive  index  than  does  the  square  root 
of  the  static  dielectric  constant. 

Leaving  out  of  account  questions  of  the  absorption  of  energy,  the 
facts  show  then  that  electric  waves  travel  very  much  more  slowly 
through  dielectrics  than  through  empty  space.  In  the  case  of  water, 
the  velocities  in  space  and  water  are  in  the  ratio  of  9  to  1,  for  any 
electric  wave  lengths  yet  produced ;  whilst  for  visible  light  waves  the 
ratio  is  more  nearly  1*3  to  1.     We  find  that  for  alcohol  the  wave 

i»  Joum,  de  Physiqiiey  1892,  vol.  1. 

^*  See  Fleming  and  Dewar,  **  Note  on  the  Dieleotrio  Constant  of  loe  and 
Alcohol  at  very  Low  Temperatures,"  Proc,  Bay.  Soc,,  vol.  61,  pp.  2  and  816. 
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velocity  ratio  is  5  to  1  for  long  electric  waves,  and  2*5  to  1  for  the 
shortest  electric  waves  yet  produced  ;  whereas  for  visible  light  waves 
the  ratio  is  only  about  1*3  to  1. 

When,  however,  we  select  such  substances  as  paraffin  oil,  turpen- 
tine, many  hydrocarbons,  liquid  oxygen,  or  bodies  of  simple  chemical 
constitution,  we  find  no  such  great  difference  between  the  velocities 
of  the  electrical  and  light  waves  of  very  different  wave  length. 
Then,  again,  it  has  been  shown  that  very  low  temperature  annuls 
this  difference  in  the  velocity  ratios  for  electric  and  eye  affecting 
radiation. 

An  interesting  question  then  presents  itself  for  solution.  We  ask. 
Why  is  it  that  water  reduces  the  velocity  of  non- visible  electric  waves 
passing  through  it  so  much  more,  relatively  speaking,  than  it  does  the 
velocity  of  visible  light  waves  of  much  higher  frequency  ?  The  answer 
to  this  question  is,  no  doubt,  to  be  found  in  the  variation  of  dielectric 
constant  with  frequency.  There  are  a  large  number  of  substances  of 
simple  symmetrical  chemical  constitution,  such  as  the  liquid  gases, 
paraffins,  saturated  hydrocarbons,  etc.,  which  have  all  dielectric 
constants,  lying  in  value  between  2  and  3,  and  optical  and  electrical 
refractive  indices  lying  between  1-4  and  1-7,  and  these  values  are  but 
Httle  disturbed  by  any  change  in  frequency  varying  between  zero  and 
billions  per  second.  It  would  seem  as  if  the  matter  of  which  these 
bodies  consist  merely  had  the  power  of  about  doubhng  the  dielectric 
constant  of  empty  space  or  sBther,  without  much  changing  the 
qualitative  characteristics  of  the  dielectric  constant  of  the  SBther.  We 
have  seen  that,  according  to  Thwing's  law,  the  dielectric  constant  of 
these  bodies  is  nearly  2-6  times  their  density. 

On  the  other  hand,  all  bodies  the  molecules  of  which  contain 
those  little  groups  of  easily  removed  atoms  which  chemists  call 
radicles,  such,  for  instance,  as  hydroxyl,  nitryl,  etc.,  have  dielectric 
constants  more  or  less  sensitive  to  change  in  frequency  according  to 
their  temperature.  An  increase  in  the  frequency  generally,  but  not 
always,  decreases  the  dielectric  constant.  Hence,  as  a  rule,  in  these 
cases  the  electric  displacement  is  larger  for  a  given  electric  force  the 
longer  the  time  during  which  the  force  is  applied.  To  elucidate  these 
anomalies.  Sir  J.  J.  Thomson  suggests  the  following  theory. 

The  large  dielectric  constant  of  certain  bodies,  even  under  high 
frequency  electromotive  forces,  implies  that  there  is  a  corresponding 
large  refractive  index  for  waves  of  the  same  frequency.  As  a  rule 
refractive  index  decreases  as  frequency  decreases,  hence  large  dielectric 
constants  of  such  substances  as  water  implies  an  abnormal  refraction 
or  a. range  of  frequencies  for  which  there  is  intense  absorption. 
Thomson  shows  (see  article, ''  Electromagnetic  Waves,"  Encyclopiidia 
Britannica,  10th  edition)  that  this  is  due  to  the  presence  of  a  rela- 
tively small  number  of  molecules  in  a  special  state.  He  expresses 
the  opinion  that  the  experiments  of  Dewar  and  Fleming  on  the  effect 
of  low  temperature  on  the  dielectric  constants  of  numerous  bodies 
are  in  harmony  with  this  supposition,  and  that  the  effect  of  very  low 
temperature  on  ice,  glycerine,  ethyhc,  alcohol,  etc.,  must  be  to  prevent 
that  dissociation  of  some  molecules  which  produce  the  bodies,  the 
presence  of  which,  when  mixed  with  the  ordinary  molecules,  gives 
rise  to  the  abnormally  large  dielectric  constants.     Whatever  may  be 
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the  cause,  the  existence  of  these  large  dielectric  constants  is  always 
dependent  on  the  presence  of  certain  chemical  radicles  in  the  mole- 
cules of  the  substance. 

7.  The  Produotion  of  Electric  Waves  by  Osoillations  in  an 
Open  Circnit. — No  method  has  yet  been  discovered  by  which  an 
electric  wave  can  be  produced,  except  by  means  of  the  excitation  of 
electric  oscillations  in  an  electric  circuit  possessing  capacity  and 
inductance.  We  must,  therefore,  study  a  little  in  detail  the  actions 
which  take  place  when  high  frequency  oscillations  are  set  up  in  a 
linear  circuit. 

Let  us  consider  the  simple  case  of  a  pair  of  rods  placed  in  one 
line  with  their  ends  (which  should  be  smoothly  rounded)  placed  a 
millimetre  or  two  from  each  other  (see  Mg.  12).  Let  these  rods  be 
connected  to  the  secondary  terminals  of  an  induction  coil,  or  in  any 
way  brought  to  a  difference  of  potential  just  sufficient  not  to  pierce 
the  air  between  their  contiguous  ends  and  make  a  spark.  Then  these 
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Fia.  12.— Lines  of  Electric  Strain  round  a  Hertz  Linear  Oscillator. 
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rods  are  charged,  one  with  positive  and  the  other  with  negative 
electricity.  There  is,  therefore,  a  distribution  of  electric  strain  in  the 
space  round  the  rods  which  very  roughly  may  be  represented  as  to 
direction  by  the  dotted  lines  in  Fig.  12.  In  the  next  place,  suppose 
the  difference  of  potential  increased  until  a  spark  passes.  The  rods 
just  before  that  moment  are  in  the  condition  of  the  two  coatings  of  a 
condenser ;  in  fact,  they  have  a  certain  capacity  ¥dth  respect  to  each 
other,  and  a  certain  charge  determined  by  that  capacity  and  by  their 
difference  of  potential.  When  the  spark  passes,  this  condenser  begins 
to  discharge  with  oscUlations.  We  may  regard  these  oscillations  as 
due  to  the  rapid  movement  to  and  fro  in  the  wire  of  electrons  or  point- 
charges  of  negative  electricity  and  the  lines  of  electric  strain  as 
starting  from  and  terminating  on  these  electrons.  Accordingly  the 
oscillations  are  oscillations  of  the  ends  of  the  lines  of  electric  strain 
where  these  abut  on  the  wire  or  rod.  The  whole  of  the  facts  dis- 
covered by  Hertz  show  that  when  a  change  is  made  in  the  direction 
or  amount  of  the  electric  strain  at  any  one  point  in  the  medium  this 
change  is  not  instantly  felt  at  all  points,  but  is  propagated  through 
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the  medium  with  a  finite  velocity  equal  to  that  of  light.  Accordingly 
we  must  consider  the  lines  of  electric  strain  as  possessing  inertia 
which,  in  fact,  is  the  inertia  in  the  medium  in  which  the  lines  them- 
selves are  a  peculi&r  state.  If  the  end  of  a  hue  of  electric  strain  has 
a  sudden  movement  given  to  one  end,  this  movement  heing  in  a 
direction  at  right  angles  to  the  direction  of  the  line,  the  result  is  to 
create  in  the  Ime  a  hink  which  travels  outwards,  just  as  would  a  kinlc 
on  a  stretched  rope  if  the  end  were  given  a  jerk  at  right  angles  to 
the  direction  of  the  rope.  If  the  end  of  a  line  of  electric  force 
terminates  on  a  point-charge  of  electricity  or  so-called  electron,  then 
a  sudden  movement  of  this  electron,  say  from  A  to  B  (see  Fig.  13), 
will  be  accompanied  by  the  outward  propagation  of  kinks  or  places 
of  sudden  bend  or  flexion  along  the  lines  of  electric  strain.  It  will 
be  seen  that  we  are  here  treating  the  lines  of  electric  force  as  if  they 
were  objective  realities  and  not  merely  curved  or  straight  directions 
in  space. 

The  question  whether  a  line  of  electric  force  is  to  be  regarded 
merely  as  a  convenience  of  thought  similar  to. a  line  of  latitude  or 
longitude,  or  whether  it  has  an  objective  reality,  is  too  large  to  discuss 
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here  fully.  There  are  some  good  reasons  for  considering  that  in  a 
space  occupied  at  least  by  air  or  other  gas  in  which  electric  force 
exists,  that  force  may  not  be  distributed  absolutely  without  dis- 
continuity through  the  space,  but  the  reader  must  be  referred  to 
Faraday's  "Experimental  Researches  on  Electricity,"  vol.  iii.  ser. 
xxix.,  §§  3273,  3297,  and  3299,  and  also  to  his  memoirs  "  On  Physical 
Lines  of  Magnetic  Force,"  and  "  Thoughts  on  Bay  Vibrations  "  {PkU. 
Mag.,  ser.  iii.,  vol.  xxviii.,  1846^  for  arguments  in  favour  of  this  view. 
A  confirmatory  argument  has  oeen  put  forward  by  Sir  J.  J.  Thomson 
in  his  book  "  Electricity  and  Matter,"  p.  63,  for  the  physical  existence 
or  objective  reahty  of  lines  of  electric  force  based  on  the  ionization 
of  gases  by  Bontgen  rays.  The  reader  may  also  be  referred  to  a 
suggestive  article  by  the  same  author  in  the  Phil,  Mag,,  ser.  6,  vol.  19, 
p.  301,  February,  1910,  confirming  this  view  of  the  field.  It  may 
therefore  be  taken  that  there  are  some  valid  reasons  for  thinking  of 
Unes  of  electric  force  as  if  they  were  discrete  entities  or  bodies  capable 
of  being  moved  through  space,  or  at  least  displaced  in  a  continuous 
medium  like  vortex  filaments  in  a  Uquid.  These  filaments  behave 
as  if  they  possessed  inertia.  In  reaUty  this  inertia  is  the  inertia  of 
the  medium  in  which  they  exist.  When  moved  through  space 
laterally  these  lines  or  tubes  of  electric  force  create  magnetic  force, 
this  magnetic  force  being  proportional  to  the  velocity  of  the  line  of 
electric  force  perpendicular  to  itself.  Since  the  lines  or  tubes  possess 
inertia,  a  sudden  displacement  made  at  one  place  does  not  appear 
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everywhere  at  once,  but  is  propagated  along  the  line  of  electric 

force  as  a  kink  in  a  rope  travels  along  a  rope. 

Consider,  then,  a  right  angle  kink  travelling  outwards   along  a 

line  of  electric  strain.     It  moves  with  the  velocity  of  Hght  or  with 

1 
the  velocity  w  =  -  ,_^ . 

The  portion  which  constitutes  the  kink  is  therefore  moving  side- 
ways or  at  light  angles  to  its  own  direction  through  space.  When 
a  portion  of  a  line  of  electric  strain  so  moves  through  space  it  gives 
rise  to  a  magnetic  force  at  right  angles  to  its  own  direction  and  to 
the  direction  in  which  it  is  moving.  If  a  portion  of  a  line  of  electric 
strain  in  a  mediimi  of  dielectric  constant  k  along  which  the  electric 
force  is  E,  moves  with  a  velocity  V  in  a  direction  at  right  angles  to 
itself,  it  gives  rise  to  a  magnetic  force  H  =  ^EV  at  right  angles  to 
the  electric  force  and  to  the  direction  of  motion. 

This  is  an  important  principle  which  must  be  clearly  grasped. 
Suppose  that  a  line  of  electric  strain  exists,  which  is  represented  by 

the  firm  line  AB  in  Fig.  14,  and 
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Pig,  14. —  Lateral  Displacement  of  a 
Line  of  Electrio  Strain,  producing 
Magnetic  Force  at  Right  Angles. 


B^ ^ ^     _Q         that  it  moves  parallel  to  itself 

^  .        £j.Q^j   ^\^Q  position   AB    to   the 

position  CD.  This  movement 
may  be  considered  to  be  pro- 
duced by  the  creation  of  a  closed 
Hne  of  electric  strain  of  equal 
strength  in  the  direction  repre- 
sented by  the  dotted  rectangle. 
If  such  a  closed  line  is  created, 
it  would,  so  to  speak,  annihilate 
the  strain  line  AB,  because  the 
circuital  strain  is  in  the  opposing 
direction  on  that  side,  and  would 
create  a  strain  in  the  same 
direction  along  CD.  This  cir- 
cuital strain  is  equivalent  by 
Maxwell's  principle  to  a  closed 
electric  current  whilst  it  is  increasing,  and  hence  in  coming  into 
existence  it  must  have  a  magnetic  force,  which  in  this  case  is  towards 
the  reader  and  perpendicular  to  the  paper.  Accordingly,  during  the 
time  the  movement  of  the  original  line  of  electric  strain  is  taking 
place  it  is  accompanied  by  the  production  of  a  magnetic  flux,  which 
is  in  a  direct  normal  to  itself  and  to  its  direction  of  motion.  We  can 
easily  remember  this  directional  relation  by  a  hand  rule  as  follows : — 
Hold  the  forefinger,  middle  Anger,  and  thumb  of  the  right  hand 
as  nearly  as  possible  in  the  direction  of  three  co-ordinate  axes 
mutually  at  right  angles  (see  Fig.  15). 

Let  the  direction  of  the  forefinger  represent  that  of  the  line  of 
Electric  Farce,  and  the  direction  of  the  thumb  the  direction  of  its 
motion  in  space,  then  the  direction  of  the  middle  finger  will  represent 
the  direction  of  the  resulting  Magnetic  Flux.  If  /x  is  the  permeabiUty 
of  the  medium,  and  V  is  the  velocity  of  the  line  of  electric  strain 
perpendicular  to  itself,  and  if   E  is  the   electric  force  along  the 
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line,  then  the  magnetic  force  H  prodaced  by  its  motion  is  such  that 

E 
H  =  ^  =  i(:YE.    The  proof  of  this  will  be  found  in  Oliver  Heaviside's 

treatise  on  **  Electromagnetic  Theory,"  vol.  1,  p.  66. 


Motion 


2f 


Stfy±inLtnm' 


^^Vjvv 


..€  o< 


PigAt  Hdni 


Fio.  15.— Mnemonio  Rule  for  the  Relation  between  Electric  Strain,  Motion  of 

Strain  Line,  and  Resulting  Magnetic  Force. 


If,  then,  we  consider  a  very  long  line  in  which  electric  oscillations 
are  taking  place,  we  can  think  of  the  electrons  in  the  wire  as  oscillat- 
ing backwards  and  forwards,  and  the  lines  of  electric  strain  which 
abut  perpendicularly  on  the  wire  as  having  their  ends  wagged  back- 
wards and  forwards  rapidly.  The  result  is  to  propagate  outwards 
along  these  lines  right-angled 
kinks     or    discontinuities,    as  ^ 

represented  in  Fig.  16,  in  which 
the  dots  represent  the  end-on 

view  of  the  accompanying  lines     

of  magnetic  force. 

It  will  be  seen  that  this  is     

equivalent    to    the    continual 
motion  outwards  from  the  wire      ' 
of  lines  of  electric  strain  which 

are  parallel  to  the  wire,  these     

lines  being  made  up  of  the 
union  of  the  portions  of  the 
kinks  which  lie  parallel  to  the 
wire  and  move  outwards  in  a 
direction  normal  to  their 
length. 

It  will  be  clear,  then,  that  these  moving  electric  strain  lines  give 
rise  to  magnetic  force  lines  which  must  be  distributed  in  circles 
round  the  wire  with  centres  on  its  axis  ;  and  these  also  must  be  con- 
sidered to  expand  outwards,  like  the  ripples  on  a  lake  when  a  stone 
is  thrown  on  its  surface. 
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As  the  oBoillations  continue  we  have  a  procession  of  lines  of 
electric  strain  in  which  the  electric  force  is  alternately  directed  one 
way  and  the  other,  which  move  outwards  radially  £rom  the  wire. 
Mingled  with  these,  and  at  right  angles  to  them,  we  have  the  circular 
lines  of  magnetic  flux  also  alternately  directed. 

At  any  point  in  space  not  too  near  the  wire  there  is  an  alternating 
electric  force  which  is  parallel  to  the  wire  in  direction  and  an  alter- 
nating magnetic  force  which  is  at  right  angles  to  it.  The  two  forces 
are  periodic  and  pulsate  together,  coming  to  their  maximum  values  at 
the  same  instant  at  places  not  very  near  the  wire.  The  result  is  to 
propagate  outwards  a  cylindrical  electromagnetic  wave. 

If  the  wire  in  which  oscillations  are  taking  place  is  finite  in 
length,  then  the  ends  of  the  alternately  directed  electric  strain  lines 
will  he  united  so  as  to  form  closed  loops  of  electric  strain  which  will 
move  outwards  in  radial  planes  from  the  oscillator.  .  We  have  then 
to  find  the  form  of  the  lines  of  strain  and  the  magnitude  of  the 
forces  at  any  point  in  the  space  round  the  oscillator. 

We  shall  proceed  then  to  discuss  the  effects  produced  when 
high  frequency  electric  osciUations  take  place  in  a  linear  oscillator, 
such  as  that  shown  in  Fig.  12.  In  a  strikingly  original  paper  Hertz 
considered  mathematically  the  case  of  such  oscillations  produced  in 
a  pair  of  very  short  rods  terminating  in  balls  called  a  Hertz  doublet, 
or  dumb-bell  oscillator.i?  His  analysis  proceeds  on  the  following 
lines. 

We  have  seen  that  the  components  of  the  electric  and  magnetic 
forces,  and  hence  aU  the  quantities  with  which  we  are  concerned  in 
considering  the  changes  of  electric  and  magnetic  force,  propagated 
through  the  electromagnetic  field  must  satisfy  a  certain  differential 
equation  of  the  type — 

m  m 

or,  as  it  may  be  written,  A*^  =  V(^)»  where  <f>  is  any  function  of 
X,  y,  Zy  and  ty  and  A  is  the  reciprocal  of  the  velocity  with  which  the 
effect  is  propagated  through  space  (see  equation  (18),  Chap.  V.  p.  388). 
This  equation,  as  we  have  shown,  is  satisfied  by  the  components  of 
the  electric  and  magnetic  forces  and  potentials  in  the  electromagnetic 
field. 

We  then  consider  a  small  Hertz  oscillator  or  doublet,  at  the 
centre  of  which  is  a  spark  gap  which  is  taken  as  the  origin  of  co- 
ordinates. Let  the  doublet  be  placed  horizontally,  and  its  direction 
taken  as  the  axis  of  z  (see  Fig.  17).  Let  the  axis  of  x  and  the  axis  of 
y  be  taken  in  directions  perpendicular  to  z,  and  in  a  plane  perpendicular 
to  the.  axis  of  the  oscillator  and  at  right  angles  to  each  other.  Then 
the  position  P  of  any  point  in  the  field  may  be  specified  by  stating 
its  vertical  distance  p  from  the  axis  of  z  and  its  distance  r  from  the 
origin.  Everything  being  symmetrical  with  respect  to  the  axis  of  z, 
the  above  system  of  co-ordination  is  sufficient. 

"  See  H.  Hertz,  Wied.  Annaleriy  1889,  vol.  86,  p.  1,  "  The  Forces  of  Electric 
Oscillations  treated  according  to  Maxwell's  Methods."  See  also  "Electric 
Waves,"  by  H.  Hertz,  English  translation  by  D.  E.  Jones,  p.  137. 
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Therefore  p  =  ^3.2^^2^  Also  we  may  define  the  position  in 
polar  co-ordinates  where  r  is  the  distance  of  the  point  considered  from 
the  origin  and  6  is  the  angle  between  the  directions  of  r  and  the  z 
axis  (see  Fig.  17).  Then  p  =  r  sin  6  and  z  =  r  cos  6.  We  desire  to 
find  expressions  for  the  electric  and  magnetic  force  at  all  points  in 
the  field. 

Suppose,  then,  that  we  consider  the  case  of  a  small  Hertzian 
oscillator  consisting  of  two  short  metal  rods  placed  in  line  with  each 
other,  the  inner  ends  separated  by  a  small  spark  gap  and  the  outer 
ends  terminated  in  small  metal  spheres.  If  we  start  oscillations  in 
this  linear  circuit  the  balls  will  be  alternately  charged  positively  and 
negatively,  and  as  these  charges  change  in  magnitude  and  sign  an 
alternating  current  is  produced  in  the  rods. 

To  bring  the  problem  within  the  grasp  of  simple  analysis  we 
must  limit  the  conditions  by  assuming  that  the  current  in  the  rods 
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has  at  all  points  the  same  value,  and  that  the  electric  charges  are 
located  entirely  on  the  balls.  These  assumptions  are  not  completely 
in  accordance  with  actual  facts,  but  are  not  greatly  in  error  when  we 
are  considering  a  short  oscillator.  We  have,  then,  two  effects 
produced  in  the  surrounding  space — 

(i.)  The  electric  charges  on  the  spheres  produce  a  distribution  of 
electric  force  and  scalar  electric  potential  in  the  space ;  and 

(ii.)  The  current  in  the  rods  produces  a  magnetic  force  and  a 
vector  potential  in  the  space. 

This  term  '*  vector  potential "  was  a  name  given  by  Maxwell  to 

a  mathematical  quantity  such  that  its  curl   gives  us  the  magnetic 

force  at  any  point  due  to   a  current,  just   as   the  term  *'  scalar 

potential  "  is  the  name  for  a  quantity  such  that  its  space  variation  in 

any  direction  gives  us  the  electrostatic  force  when  the  charges  are 

steiebdy.    If  we  have  any  current  i  in  an  element  of  length  of  a 

circuit  ds,  then  it  can  be  shown  that  the  vector  potential  due  to  this 

%ds 
element  at  any  point  P  at  a  distance  r  from  the  element  is  — ,  and 
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the  vector  potential  due  to  any  circuit  is  the  vector  sum  of  the  vector 
potentials  due  to  the  several  elements  (see  Fig.  18).     The  vector 

potential  being  a  directed  quantity  can  be 
resolved  into  axial  components,  and  must 
be  added  according  to  the  rules  of  vector 
addition.  It  is  usual  to  denote  the  com- 
ponents of  the  vector  potential  in  the  direc- 
tions of  the  axes  of  x,  y,  and  z  by  the  letters 
F,  G,  and  H. 

On  the  other  hand,  the  scalar  potential 
is  not  a  directed  quantity,  and  the  scalar 
potential  due  to  any  distribution  of  elec- 
tricity is  the  algebraic  sum  of  that  due  to 
each  element  of  charge  dq  separately.  The 
scalar  potential  due  to  the  charge  dq  at  a 
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point  at  a  distance  r  being  —  and  the  total 


scalar  potential  being 


Edq 


We  shall  denote 


the  electric  force  at  any  point  by  E  and  its  axial  components  by  the 
letters  X,  Y,  and  Z  as  before,  the  scalar  potential  oy  tft,  and  the 
axial  components  of  the  vector  potential  by  F,  G,  and  H,  and  the  axial 
components  of  the  magnetic  force  M  by  a,  j3,  and  y.  Then  Maxwell 
showed  that  when  we  are  considering  operations  m  pure  ssther,  for 
which  we  may  take  the  dielectric  constant  and  permeability  to  be 
unity,  we  have  the  relations  between  the  above  quantities  expressed 
by  the  six  equations  ; — 


X  = 

Y  = 
Z  = 


dt 

d>l> 
dx 

dG 

# 

dt 

dy 

rfH 

ait 

dt 

dz 

II— -s. 


(20) 


dy 


y= 


dz 
dx 


d(^ 

dz 

dan 
^F 
dy 


(21) 


These  last  being  the  expression  of  the  fact  that  the  mstgnetic  force 
is  the  curl  of  the  vector  potential. 

We  have  then  to  find  for  the  small  Hertzian  oscillator  in 
question  expressions  for  the  scalar  and  vector  potential  at  all  points 
around  it.  Since  everything  must  be  symmetrical  with  respect  to 
the  axis  of  the  oscillator,  it  will  be  an  advantage  to  assume  the 
oscillator  to  be  placed  with  its  axis  in  the  direction  of  the  z-axis,  and 
we  shall,  following  Hertz,  consider  the  ^-axis  to  be  drawn  to  the  left, 
and  the  a;-axis  towards  the  reader.  Everything  is  then  symmetrical 
ydth  respect  to  the  axis  of  z^  and  we  need  only  concern  ourselves  with 
the  calculation  of  the  forces  in  and  at  right  angles  to  the  plane  yz. 

Suppose,  then,  that  a  small  sphere  charged  with  a  quantity  of 
positive  electricity  -^qv^  placed  at  the  origin  O,  and  that  we  consider 
a  point  T  of  which  the  co-ordinates  are  y,  z  in  the  plane  yz^  and  at  a 
distance  OT  =  r  from  the  origin.     The  potential  at  the  point  due  to 
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this  charge  is  ^  -.    Suppose  the  sphere  to  be  displaced  along  the 

z-9ja&  in  a  positive  direction  by  a  distance  Ifiz.    The  potential  then 
created  by  it  at  the  same  point  yz  is — 


{?+ 


Again,  if  an  equal  quantity  of  negative  electricity  —  q  is  placed  on  a 
small  sphere  at  the  origin,  its  potential  at  the  point  in  question  is 

-{-  -,  and  if  this  is  displaced  downwards  through  a  distance  y^z,  the 

potential  due  to  it  at  the  point  T  is — 

If  then  we  form  a  small  oscillator  of  two  spheres  separated  by  a 
distance  &,  and  place  the  axis  along  the  ^-azis  and  the  centre  at  the 
origin,  then  when  the  charges  on  the  spheres  are  -f-  £  on  the  top  ball 
and  —  ^  on  the  bottom  ball,  the  scalar  potential  tft  due  to  these  two 
electrostatic  charges  will  be  the  sum  of  those  due  to  each  sphere 
separately,  or  will  be — 


*— ^>- w 


Suppose  then  that  q  varies  with  the  time  in  a  simple  harmonic 

manner,  so  that  g  =  Q  sin  nt  where  —  is  the  periodic  time  of  the 

oscillation,  and  let  the  product  of  the  length  of  the  oscillator  and  the 
maximum  charge  on  each  sphere  =  Q8^  =  ^  be  called  the  electric 
moment  of  the  oscillator,  then  we  have — 

This  expression,  however,  is  obtained  on  the  assumption  that 
electric  effects  are  propagated  through  space  instantaneously.  Hertz's 
experiments  prove,  however,  that  this  is  not  the  case,  but  that  the 
forces  and  potentials  are  propagated  with  a  finite  velocity.  Accord- 
ingly if  the  charges  on  the  spheres  of  the  oscillator  are  rapidly 
oscillating,  the  potential  at  any  point  in  the  field  will  not  depend 
upon  the  state  of  the  osciUator  at  the  same  instant,  but  upon  a  state 
at  a  time  earlier  by  the  time  taken  for  the  effect  to  be  propagated  the 

distance  r.    If,  then,  u  denotes  the  velocity,  the  time  taken  by  the 

.  J. 

effect  to  travel  to  the  point  in  question  is  — 

Therefore  the  potential  0  at  the  selected  point  in  the  field  is,  in 
fact,  given  by — 

^  =  -^^(^°'*('-^'">) (24) 


'dz\   -  r     ; 
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where  A  ==  -.     Hence  the  effect  is  propagated  as  a  wave  motion.     It 

is  cyclical  in  space  as  well  as  in  time.    If  we  call  A  the  wave  length 

or  shortest  distance  between  two  places  at  which  the  effect  is  a 

maximum  at  the  same  instant,  and  T  the  periodic  time,  then  A  =  uT, 

27r  27r 

It  is  convenient  to  write  m  for  -^  and  »  =  7=,-.     Also,  since  Ar  is 

usually  larger  than  t,  we  may  write  sin  {mr — nt)  instead  of  sin  n{t—Ar), 

It  is  convenient  to  write  11  for ^ -, 

r 

We  then  have  for  the  potential  at  the  point  yz^  due  to  the  oscillating 

electric  charges  of  the  oscillator,  the  expression — 


(25) 


We  have,  in  the  next  place,  to  find  the  vector  potential     At  the 
moment  when  the  charges  on  the  spheres  of  the  oscillator  have  a 

value  q,  the   current  along  the  connecting-rod  has  a  value  —  -— 

1    j_ 

in   electrostatic  measure,  or -v   in  electromagnetic 

u   at 

Hence  the  vector  potential  due  to  this  current  existing  in  an  oscillator 

of  lendih  &  at  a  point  at  a  distance  r  from  its  centre  is  —  -^82;. 
^  '^  ur  dt 

Since  r  is  independent  of  t,  we  can  write  the  above  expression  in  the 
form — 


measure. 


udt\r/ 


and  then,  as  in  the  case  of  the  expression  for  the  scalar  potential,  we 
must  put  instead  of  q  the  function  Q  sin  {nt  —  mr)  to  obtain  the 
component  H  of  the  vector  potential  at  the  point  in  the  field  which 
is  parallel  to  the  direction  of  the  current  element.  Finally,  using 
the  same  notation  as  in  the  case  of  the  scalar  potential,  we  have — 


H 


"'u  dt 


(26) 


Since  there  is  no  current  parallel  to  the  axis  of  x  or  ^,  the  com- 
ponents F  and  G  of  the  vector  potential  are  zero.  Hence,  inserting 
these  values  of  ^  and  H  in  the  equations  (25)  and  (26)  for  the  electric 
and  magnetic  force  components,  we  have — 


X==^ 


Y=4> 


dxdz 
d^U 


a 


A^ 


dm 


dydz 


I 


(27) 


Z 


-*(^ 


d^n  .  dni  \ 


dydt 

'^  ^dxdt 

v  =  0 


/ 


(28) 
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In  these  equations  we  assume  that  the  dielectric  constant  and 
magnetic  permeability  are  both  taken  as  having  unit  value. 

We  have  then  to  find  the  various  differential  coefficients  of — 

_  sin  {mr  —  nt)  __  sin  x 
^  r  "^    r 

and  to  introduce  these  into  the  above  equations.    We  have  then — 
X  =  ^  1 3  sin  X  —  wiV*  sin  x  —  3w2r  cos  x  }  -  - 

Y  =  ^  1 3  sin  X  —  w*^^  sin  X  -"  ^^^  cos  x  }  -  - 
Z  =  ^1  (2  sin  X  — "  ^fnr  cos  x)  + 

/p2  _1_  y2  J 

(»2V2  sin  X  +  3mr  cos  x  —  3  sin  x)       g     ) 
^  =  ";^  ' i  ^'^  ®*^  X  +  cos  x}^ 
^  =  -   ,i    {'»^sinx  +  co8x|- 


►    .    (29) 


=  0 


(30) 


J 


In  the  above  equations  the  electric  forces  are  expressed  in  electro- 
static units,  and  the  magnetic  in  electromagnetic  units. 

These  equations  show  that  the  magnetic  force  is  distributed  in 
circles  whose  centres  lie  on  the  axis  of  z,  because  a'  -|~  i^^  ^s  a  constant, 

and-+-  =  0.     Hence  there  is  no  magnetic  force  along  the  line 

if 

perpendicular  to  the  axis  z.     If  we  write  sin  8  for  -  and  cos  0  for 

-,  and  consider  only  the  forces  at  points  at  a  large  distance  from  the 

origin  in  the  plane  yz,  at  which  mr  is  therefore  much  greater  than 
unity,  and  therefore  m^r^  much  greater  than  mr,  we  can  reduce  the 
above  six  equations,  (29)  and  (30),  to  three,  viz. — 

Y  =  —  - —  sin  Y  sin  0  cos  8 

r  ^ 


Z  =^BinxBin2# 

r  ^ 

A6mn    .         .    ^ 
a  =  . -L —  sxn  ^  sm  0 


(31) 


These  last  equations  are  those  given  by  Hertz  as  his  solution  of 
the  problem  in  his  original  memoir.is*    They  show  that  at  distances 

"  See  Hertz*s  book,  "  Electrio  Waves/'  English  translation  by  D.  E.  Jones, 
"  The  Forces  of  Electric  Oscillations  treated  according  to  Maxwell's  Theories," 
chap.  is.  p.  137. 
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large  compared  with  the  dimensions  of  the  oscillator  the  magnetic 
and  electric  forces  vary  inversely  as  the  distance,  a  fact  which  has 
been  approximately  confirmed  by  experiment.  Also  since  j3  =  y  =  0 
and  Z  cos  0  -|-  ^  ^^°  ^  =  ^*  ^^  ^^  clear  that  at  large  distances  the 
electric  and  magnetic  forces  are  both  perpendicular  to  the  radius 
vector. 

To  obtain  the  equations  to  the  lines  of  electric  force,  it  is  neces- 
sary to  transform  the  above  expressions  for  X,  Y,  and  Z  into  another 
form.  Let  the  distance  of  the  point  or  space  at  which  we  are 
considering  the  force  from  the  axis  of  z  be  denoted  by  p.  Then 
^=zQ^-\-  y^.  Let  us  denote  the  component  of  the  electric  force  in 
the  direction  of  p  by  E.  It  is  then  quite  easy  to  show  by  differentia- 
tion that — 


And  hence  we  have — 

--ino <»> 

Also  K  =  X?+Y?^ (34) 

P        P 

But  X  =  6f^,    and    Y  =  ^^      .     .     .     (35) 


Hence  it  follows  that — 


-K%m (-) 


Now  the  equation  to  a  line  of  electric  force  in  the  plane  of  p  and 
z  is  Z Jp  —  ^Sidz  =  0 ;  for  this  is  the  mathematical  expression  of  the 
fact  that  the  resultant  force  is  directed  along  the  line  of  force. 

Substituting,  then,  in  this  last  equation  the  values  of  Z  and  B 
given  above,  we  have  as  the  differential  equation  of  the  lines  of 
electric  force — 

.^-f  K+^'^>=»  •  ■  •  •  <") 

and  integrating  this  last  we  have — 

% 

p-7-  =  c  =±:  a  constant (38) 

as  the  equation  to  the  lines  of  electric  force  of  the  oscillator  in  a 
meridional  plane.  If  that  plane  is  the  plane  yz,  then  we  have  p  =  y, 
and  hence — 
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and  the  equation  to  the  lines  of  force  transposes  into — 

sin  {mr  —  nt)  _       c 


cos  {mr  —  nt)  — 


mr 


m  sin^  8 


■    (39) 


vre  can  then  give  to  t  any  required  value  and  determine  a  family  of 
curves  for  a  given  epoch  which  represents  the  lines  of  electric  force 
of  the  oscillator.  If  mr  is  a  quantity  large  compared  with  unity,  that 
is,  if  the  field  at  a  large  distance  from  the  oscillator  is  considered, 

then  ^ '  becomes  a  small  quantity,  and  we  may  take  as 


mr 


the  equation  to  the  lines  of  forced- 


cos  {mr  —  nt)  =       .  ^^ 

m  8m»  6 


(40) 


To  plot  the  form  of  the  lines  we  may  then  select  any  values  of  m,  6, 

/J 

and  c  such  that  r-r-5  is  not  greater  than  unity.     We  then  find 

m  sm*  u       .  . 

the  angle  a  which  has  this  fraction  as  its  cosine,  and  it  follows 

that — 

mr  s=nt  ±  a 

Hence  for  every  value  of  t  and  6  there  are  two  values  of  r,  except  in 

J* 

the  case  when ;— ^-^  =  1,  and  then  a  =  0.     This  shows  that  the 

m  sin^  tf 

form  of  the  line  of  electric  force  at 
a  considerable  distance  from  the 
oscillator  is  a  closed  curved  loop, 
as  shown  in  Fig.  19.  If  we  take 
any  fixed  values  of  t,  c,  m,  and  0, 
then  a  is  determined.  If  then  t 
increases,  whilst  c,  m,  and  0  re- 
main the  same,  there  are  still  a 
pair  of  values  of  r  derived  from 

the  equation  r  =  ^ — ^^-— ^,  but  their 

m 

absolute  values  are  larger.    Hence 

if  we  consider  that  any  particular 

loop  of  force  is  identified  by  the 

particular  value  of  the  constant  r, 

which  is  used  to  calculate  the  value 

of  the  angle  a,  whose  cosine  is 

c 
— :— r-7i,  we  may  say  that  as  time  increases  the  loop  moves  outwards 

away  from  the  oscillator.  In  a  certain  sense  we  may  then  say 
that  the  oscillations  in  the  osciUator  result  in  the  throwing  off 
of  closed  loops  of  electric  force  which  move  outwards  away  from  the 
oscillator  with  the  velocity  of  light.  An  objection  has  sometimes 
been  raised  to  this  mode  of  regarding  the  phenomenon,  on  the  ground 
that  we  cannot  identify  or  ear-mark  any  particular  loop  of  electric  force 


Pio.  19. 
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SO  as  to  follow  its  progress.  If,  however,  we  consider  each  particular 
loop  as  characterized  hy  the  constant  c  which  belongs  to  it,  we  can, 
as  it  were,  watch  the  movement  of  one  particular  loop.  In  the  cele- 
brated paper  in  which  Hertz  first  discussed  the  theory  of  the  oscillator 
on  the  lines  above  given,  he  gave  a  series  of  diagrams  representing 
the  distribution  of  the  electric  force,  that  is,^the  lines  of  electric 
force  round  such  an  oscillator  or  doublet  when .  in  action.  He 
considered  four  stages  separated  in  point  of  time  by  one-eighth 

T 
part  of  a  complete  period  T^  or  to  ^-,  and  delineated  the  electric  field 

o 

T   T  ^T 
at  moments  corresponding  to  0,  -^,  —,  -5-,  starting  from  the  time 

o     4     o 

when  the  current  in  the  oscillator  was  a  maximum.  10     These  diagrams 

are  not  reproduced  here,  but  they  are  very  similar  to  those  given  in 

Figs.  1,  2,  3,  4,  Plate  YI.  (see  end  of  this  chapter),  which  are  taken 

from  a  paper  by  Dr.  F.  Hack.     Hertz's  diagrams  are  given  in  the 

English  translation  of  his  papers  by  D.  £.  Jones,  entitled  ''  Electric 

Waves,"  pp.  144,  145  (Macmillan  and  Co.). 

In  Fig.  1,  Plate  YI.,  we  see  the  oscillator  is  not  a  source  of  lines 
of  electric  force.  The  current  in  it  is  at  its  maximum  value  at  that 
moment,  and  there  are  no  electric  charges  at  the  ends  of  the  rods. 

In  Figs.  2  and  3  we  see  the  Hues  of  electric  force  increasing  as 
the  charges  accumulate,  and  the  fourth  diagram  (Fig.  4)  shows  us 
the  state  of  affairs  as  the  discharge  is  beginning  to  take  place.  The 
lines  of  electric  strain  are  bending  inwards,  and  in  one  place  a  line 
has  already  crossed,  or  decussated,  and  formed  a  little  detached  loop 
or  circle  of  electric  strain.  As  this  process  continues  the  result  is  to 
detach  or  throw  off  closed  loops  of  electric  strain  which  are  represented 
by  the  closed  lines  lying  outside  a  certain  boundary  line.  This 
boundary  is  the  region  within  which  the  lines  of  strain  are,  as  it  were, 
giving  birth  to  the  closed  loops,  and  it  is  only  outside  this  area  that 
we  have  electric  radiation  in  the  true  sense.  Then,  in  addition  to 
these  lines  of  strain,  we  have  to  imagine  other  closed  lines  of  magnetic 
flux  which  lie  in  planes  perpendicular  to  the  paper,  and  have  their 
centres  on  the  two  axes  or  axis  of  the  oscillator. 

The  result  of  the  operations  is  then  to  detach  from  the  oscillator  a 
successive  series  of  closed  lines  of  electric  strain,  the  strain  being 
oppositely  directed  round  successive  loops.  As  these  move  outwards 
they  are  accompanied  by  expanding  rings  of  magnetic  flux  in  planes 
at  right  angles,  and  at  a  distance  from  the  oscillator  we  have  a 
spherical  wave  of  electric  radiation,  the  electric  force  everywhere 
being  tangential  to  the  surface,  directed,  so  to  speak,  along  lines  of 
latitude,  and  magnetic  flux  directed  along  lines  of  longitude  if  we 
suppose  the  z  axis  to  be  the  axis  of  the  rotation  of  the  earth.    The 

^*  In  interpreting  Hertz's  diagrams,  it  must  be  remembered  that  his  T  is  our 

T  \ 

-  and  bis  \  is  our  -r .    In  the  diagrams  as  drawn  in  Plate  VI.  tbe  \  and  T  have 

^  ^  

the  signification  of  a  complete  wave  length  and  complete  period.  In  Hertz's 
diagrams  the  lines  of  electric  force  are  not  continued  right  up  to  the  oscillator, 
because  tbe  equations  by  which  he  determines  their  form  are  not  valid  at  places 
yery  near  the  oscillator,  but  only  at  and  beyond  a  certain  distance,  which  is  rather 
more  than  a  quarter  wave  leng^. 
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magnetic  flux  and  electric  strain  are  periodic,  or  fluctuate  harmonicaUy 
in  space  and  in  time,  and  at  large  cQstanoes  the  flux  and  force  are  in 
step  with  each  other.  The  energy  is  propagated  outwards  along  radial 
lines,  and  therefore  in  a  direction  at  right  angles  to  the  lines  of  electric 
and  magnetic  force. 

At  very  great  distances  the  spherical  wave  hecomes  practically  a 
plane  wave.  The  electric  and  magnetic  forces  are  at  right  angles  to 
each  other,  and  in  the  plane  of  the  wave.  Along  the  line  at  right  angles 
to  the  axis  of  the  oscillator,  the  electric  force  is  parallel  to  the  axis  of 
the  oscillator,  and  the  magnetic  force  is  at  right  angles  to  it.  The 
energy  is  transmitted  at  right  angles  to  the  electric  and  magnetic 
forces. 

The  reader  should  particularly  notice  that  Hertz's  and  our 
assumption  as  to  the  form  of  the  function  which  is  represented  by 
the  symbol  II,  viz. — 

_  sin  (mr  —•  tU) 

r 

is  equivalent  to  assuming  that  the  electric  oscillations  in  the  radiator 
are  persistent  or  undamped,  in  other  words,  are  continuously  main- 
tained. We  know,  however,  from  Bjerknes'  researches  that  this  is 
very  far  from  being  the  case,  and  that  the  oscillations  of  such  a 
radiator  are  highly  damped. 

Accordingly,  various  investigators  have  considered  the  modifi- 
cation of  the  form  of  the  magnetic  and  electric  force  lines  when  a 
train  of  highly  damped  oscillations  is  emitted.  The  effect  of  the 
damping  has  been  considered  in  an  important  memoir  by  Professor 
E.  Pearson  and  Dr.  Alice  Lee.^o 

Assuming  that  n  is  a  function  of  the  form — 

?.^c-l>(«-Ar).8in^(<-Ar) (41) 

Professor  Pearson  and  Miss  Lee  have  discussed  the  whole  question 
afresh  in  their  above-mentioned  paper,  and  draw  the  following  general 
conclusion  from  their  analysis : — 

(I.)  The  effect  of  damping  makes  itself  very  sensible  in  modifying 
the  form  of  the  wave  surface  as  propagated  into  space  from  a  theo- 
retical oscillator.  The  typical  Hertzian  wave  diagrams  require  to  be 
replaced  by  the  fuller  series  shown  in  Plates  II.,  III.,  IV.,  and  V.  at 
the  end  of  this  chapter. 

(11.)  Three  waves  of  electromagnetic  force  may  be  considered  as 
sent  out  from  the  oscillator,  and  these  waves  are  capable  of  physical 
identification. 

(i.)  A  component  wave  of  transverse  electric  force. 

(ii.)  A  component  wave  of  electric  force  parallel  to  the  axis. 

(iii.)  A  wave  of  magnetic  force. 

The  waves  of  magnetic  force  and  of  component  axial  electric  force 
both  move  outwards  with  the  same  velocity  at  all  points,  and  this 
velocity  is  identical  for  all  points  at  the  same  distance  from  the 

**  See  Prof.  Karl  Pearson,  F.R.S.,  and  Miss  Alice  Lee,  *'0n  the  Vibrations  in 
the  Field  round  a  Theoretical  Hertzian  Oscillator,"  Phil.  Trans.  Bay.  Soc.,  1900, 
yol.  193,  A,  p.  159.  • 

2  F 
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oscillator.  The  intensity  of  the  first  force  for  points  on  the  same 
sphere  varies  as  the  cosine  of  the  latitude,  but  that  of  the  second 
force  is  constant.  The  wave  of  component  transverse  electric  force 
moves  outward  with  equal  velocity  for  all  points  at  the  same  distance 
from  the  oscillator,  and  its  amplitude  varies  as  the  cosine  of  the  lati- 
tude. Its  velocity  after  it  has  reached  a  certain  distance  from  the 
origin  is  always  greater  than  that  of  the  waves  of  component  axial 
electric  force  and  of  magnetic  force,  and  its  excess  over  the  velocity 
of  light  tends  to  become  three  times  the  excess  of  the  velocity  of  the 
wave  of  magnetic  force  over  the  velocity  of  light. 

(III.)  The  velocities  of  these  waves  undergo  remarkable  changes 
in  the  neighbourhood  of  the  oscillator,  even  within  such  distances  as 
Hertz  employed. 

(lY.)  The  point  of  zero  phase  for  both  transverse  and  axial  com- 
ponent electric  waves  does  not  coincide  with  the  centre  of  the 
oscillator,  so  that  these  waves  appear  to  start  from  a  sphere  of  small 
but  finite  radius  round .  the  oscillator.  A  fourth  wave,  dealt  with  by 
Hertz,  the  wave  of  magnetic  induction,  does  not,  as  he  supposes, 
start  from  the  centre  of  the  oscillator  with  zero  phase,  but  in  the  case 
of  a  damped  wave  train  with  a  small  but  finite  phase. 

(Y.)  The  analysis  of  these  waves  and  of  their  singular  points  in 

the  neighbourhood  of  the  oscillator  appears  to  add  something  to 

Hertz's  discussion;  it  is  possible  that  it  may  throw  light  on  the 

difficulties  which  arise  in  connection  with  some  of  his  interference 

experiments.    It  seems  that  all  interference  experiments  ought  to 

be  made  at  distances  greater  than  6  to  7  from  the  centre  of  the 

oscillator,  roughly  about  a  wave  length  from  the  oscillator,  whereas 

Hertz  rather  terminated  than  started  his  experiments  at  this  distance. 

At  such  distances  the  phase  curves  are  approximately  parallel  to  their 

asymptotes.   To  exhibit  the  form  of  the  electric  strain  lines  at  various 

epochs  thrown  off  from  a  damped  linear  oscillator.  Professor  Pearson 

and  Miss  Lee  delineated  a  series  of  56  diagrams  (see  Plates  II.,  III., 

lY.,  and  Y.),  covering  a  period  of  time  equal  to  seven  complete 

periods  of  the  oscillator.    The  oscillator  was  assumed  to  be  a  small 

QA 
linear  oscillator  of  such  moment  that  the  quantity  ^-^^  had  values 

50,  30,  10,  1,  —1,  —10,  —30,  —50.  In  the  diagrams  the  oscillator 
is  represented  by  the  small  dumb-bell  within  the  inmost  circle.  The 
fine  continuous  curves  correspond  to  the  intensity  ±  50,  the  fine 
dotted  curves  to  the  intensity  ±  30,  the  heavy  continuous  curves  to 
the  intensity  ±  10,  and  the  heavy  dotted  curves  to  ±  1.  The  outer- 
most circle  is  the  boundary  of  the  field  explored,  and  the  small  inner 
circle  surrounds  the  space  within  which  it  is  not  legitimate  to  con- 
sider the  oscillator  a  double  point.  These  curves  show  us  the  distri- 
bution on  one  meridional  plane  of  the  strain  lines  at  various  epochs. 
These  diagrams  of  Professor  Pearson  and  Miss  Lee  are  very  instruc- 
tive. They  show  us  the  whole  process  of  creating  an  electric  wave. 
If  the  diagrams  are  cut  out  and  placed  round  a  zoetrope,  or  **  wheel 
of  life,"  the  operation  of  a  linear  oscillator  can  be  made  visible  to  the 
eye.  If  reproduced  on  a  film  for  a  kinematograph  they  provide  the 
means  of  showing  an  electric  oscillator  at  work  generating  electric 
radiation. 
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In  this  paper  it  is  assumed  that  the  epoch  from  whioh  the  time 
is  measured  is  that  at  which  the  vibrations  begin,  so  that  the  field 

considered  is  confined  within  the  sphere  of  which  the  radius  is  -^^ 

where  A  is  the  reciprocal  of  the  radiation  velocity. 

Professor  A.  E.  H.  Love  has  pointed  out  in  another  interesting 
paper  on  this  subject,  that  the  front  of  the  advancing  wave  is  a 
surface  of  discontinuity  in  regard  to  the  electric  and  magnetic  forces.^^ 
Within  this  surface  the  forces  are  expressed  by  the  formulss  given 
by  Hertz,  which  may  be  generalized  in  the  following  form : — 

a|(X,  Y,  Z)  =  curl  (a,  jS,  y)     ] 

\  I     '    '     '    ^^^^ 

-  A|(a,  p,  y)  =  curl  (X,  Y,  Z) 

The  only  difference  between  these  formulsB  and  those  given  by 
Hertz  is  that  Hertz  used  a  left-handed  system  of  axes  a;,  y,  and  z ; 
and  it  is  more  convenient  to  employ  the  normal  or  right-handed 
system. 

To  adapt  the  analysis  to  the  case  of  damped  oscillations,  Love, 
following  Pearson  and  Lee,  takes  as  the  expression  for  Hertz's 
quantity  n  the  expression — 

n  =  ?c-J^-*')sin^(i^~r-^)    .    .    .    (43) 

where  C  is  a  constant  which  determines  the  amplitude,  8  is  the  loga- 
rithmic decrement  of  the  oscillations  per  complete  period,  u  is  the 
velocity  of  radiation,  and  ^  is  a  constant  expressing  the  phase. 

.  According  to  the  experiments  of  Bjerknes  already  quoted,  8  (for 
one  complete  period)  has  a  value  of  about  0-4  for  an^  oscillator 
sending  out  waves  10  metres  in  length. 

If  we  put  8  =  0  and  ^  =  0  in  the  last  expression  for  n,  it  reduces 
to  that  used  by  Hertz. 

Love  has  delineated  {loc.  cit.)  the  form  of  the  hues  of  electric  force 
round  a  Hertz  doublet  or  ideal  dumb-bell  oscillator  in  action,  taking 
into  account  the  discontinuity  which  exists  at  the  surface  of  the  wave 
front.  These  diagrams  (see  Plate  Y.)  are  modifications  of  those  given 
by  Pearson  and  Lee.  In  these  diagrams  four  lines  of  electric  force 
are  drawn  for  different  epochs,  wMch  are  respectively  denoted  by 
heavy  firm,  heavy  dotted,  light  firm,  and  light  dotted  lines. 

The  diagrams  given  in  Figs.  4-11,  Plate  V.,  represent,  according 
to  Professor  Love,  the  state  of  the  electric  field  within  and  without 
the  wave  front  surface  at  various  epochs,  and  these,  he  says,  should 
replace  the  diagrams  4-11  given  in  Plate  II.  by  Professor  Pearson 
and  Miss  Lee.  They  have  only  been  commenced  on  the  outside  of  a 
small  sphere  drawn  round  the  oscillator.  The  lines  above  mentioned 
have  been  drawn  in  Love's  diagrams  corresponding  to  values  of 

*^  See  A.  £.  H.  Loye,  "  The  Advanchig  Front  of  the  Train  of  Wayes  emitted 
by  a  Theoretical  Hertzian .OsciUator,*'  Proc.  Boy,  Soc,  Land.,  1905,  yol.  74,  p.  78. 
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QA 

—  -  -  in  Hertz's  notatioD,  equal  respectively  to  ±0*01,   ±0*1,   ±0-3, 

+  0*5.  The  fine  continuous  circular  line  enclosing  the  oscillator  is 
a  surface  for  which  Q  =  0,  or  the  electric  force  has  no  radial 
component. 

These  diagrams  show  in  a  striking  manner  the  discontinuity  in 
the  direction  of  the  lines  of  electric  force  at  the  wave  front  surface 
represented  by  the  fine  continuous  circle.  Before  the  discharge 
begins  we  must  regard  the  electric  force  lines  as  stretching  oni^  to 
infinity  in  all  directions,  and  when  the  discharge  happens,  a  discon- 
tinuity or  kink  in  these  lines  flies  outwards  through  space  with  the 
velocity  of  light.  The  diagrams  show  also  the  gradual  formation 
and  detachment  from  the  oscillator  of  the  closed  loops  of  electric 
force,  and  their  enlargement  and  the  formation  of  others  within 
them.  • 

There  are  many  points  of  interest  involved  in  the  examination  of 
the  force  of  the  field  near  to,  or  in  the  direction  of,  the  axis  of  a  small 
oscillator  to  which  space  cannot  here  be  given.  From  the  point  of 
view  of  radiotelegraphy  we  are  not  much  concerned  with  the  field  in 
close  proximity  to  the  oscillator,  but  the  reader  may  be  referred  for 
an  exposition  of  some  of  them  to  a  '<  Treatise  on  Magnetism  and 
Electricity,"  by  Andrew  Gray,  vol.  i.  p.  400,  where  a  discussion  is 
given  of  the  field  of  the  oscillator  at  various  points  near  to  it. 

8.  Poyntinf  8  Theorem. — We  owe  to  Dr.  J.  H.  Poynting  an 
important  theorem  concerning  the  energy  transmission  through  the 
electromagnetic  field.^^  j{  a  small  volume  is  marked  off  by  a  closed 
surface  in  the  field,  and  the  energy  of  electric  strain  and  magnetic 
flux  contained  in  it  be  varying,  Poynting  proved  that  the  amount  of 
energy  which  enters  each  element  of  the  surface  is  measured  by  the 
sum  of  the  product  of  the  electric  and  magnetic  forces  resolved  along 
each  element  of  the  surface,  multiplied  by  the  sine  of  the  angle 
between  their  directions  and  divided  by  47r. 

Maxwell  had  previously  shown  that  the  energy  of  the  electro- 
magnetic field  is  made  up  of  two  parts,  due  respectively  to  the 
electric  strain  and  to  the  magnetic  flux.     The  part  due  to  the  electric 

strain  is  equal,  per  unit  of  volume,  to  5— £'»  where  E  is  the  electric 

force  assumed  constant  throughout  the  unit  of  volume,  and  E  is  the 
dielectric  constant.^s 

If  we  consider  any  finite  space  throughout  which  there  is  a  dis- 
position of  electric  force,  E,  and  if  the  rectangular  components  of  that 
force  at  any  point  are  X,  Y,  and  Z,  then,  to  obtain  the  whole  electro- 
static energy  contained  in  the  given  volume,  we  have  to  find  the 
value  of  the  integral — 

^/ (X2  +  Y2  +  Z*)dr (44) 

where  dv  is  an  element  of  volume. 

"  See  Prof.  J.  H.  Poynting,  F.R.S.,  PhiU  Trans.  Boy.  80c,  1884,  part  ii. 
p.  843,  **  On  the  Transfer  of  Energy  in  the  Electromagnetic  Field." 
**  See  Maxwell's  "  Electricity  and  Magnetism,"  vol.  ii.  p.  258,  §  638. 
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This  expression  follows  at  once  from  the  fact  that  if  D  is  a  dis- 
placement produced  by  an  electric  force,  E,  in  the  same  direction,  the 
two  being  uniform  throughout  the  space  of  a  unit  of  volume,  then 
the  energy  of  strain  per  unit  of  volume  (TV)  is  equal  to  half  the 
product  of  the  force  and  the  displacement. 


But  D  =  -^ E,  hence  T,  =  ^E^  . 


•    (45) 


Again,  Maxwell  shows  that  another  part  of  the  energy  of  the  field 
is  magnetic,  and  that  if  H  is  the  uniform  magnetic  force  throughout 
a  unit  of  volume,  the  magnetic  energy  (7"^)  contained  therein  is 

equal  to  ^H'.     Hence,  to  obtain  the  magnetic  energy  contained  in 

any  finite  space,  we  have  to  find  the  value  of  the  integral — 

^f  {a^  +  pi  +  ^)dv (46) 

where  dv  is  a  unit  of  volume,  and  fi  is  the  magnetic  permeability  of 
the  material  filling  it. 

Accordingly,  in  the  SBther,  where  Hertz  takes  fi  =  1  and  E  =  1, 
the  total  energy  stored  up  in  any  volume  is  the  sum  of  the  two 
energies  given  oy  the  two  expressions,  viz. — 

(1)  The  electrostatic  energy  =  ^|  (X2  +  Y2  +  Z^)dv     .    (47) 

(2)  The  magnetic  energy  =  g-  /  (a2  +  )32  +  yZ)dv  ...    (48) 

Starting  from  these  expressions,  and  considering  a  reduced  case, 
we  may  follow  the  method  which  Hertz  employed  in  proving  the 
theorem  due  to  Poynting. 

We  take  the  fundamental  equations  connecting  the  electric  and 
magnetic  forces  in  the  electromagnetic  field,  viz. — 


(1) 


.da      ^^ 


dZ 
dy 
rfX 

rfY 
dz 
dZ 

dz 

dx 

d)L 

rfX 

dx 

dy 

A-—  =  zc  —  zZ 


dX 

dp      dy 

dt 

dz      dy 

dY 
dt 

__dy  da 
dx      dz 

dZ 
dt' 

__da  dp 
dy      dx 

(2)      A-^  =  £--         (49) 


A'i±:=r- 


In  these  equations  X,  Y,  and  Z  represent  the  rectangular  com- 
ponents of  the  electric  force  in  electrostatic  units,  and  a,  j3,  and  y 

the  rectangular  components  of  the  magnetic  force,  and  A  =  -  is  the 


u 


reciprocal  of  the  electromagnetic  velocity. 

Multiply  equations  (1)  by  a,  )3,  and  y,  and  equations  (2)  by  X, 
Y,  and  Z,  respectively,  and  add  the  results.     Then  multiply  each  side 
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by  an  element  of  volume  dx  .dy ,  dz,  and  integrate,  and  we  arrive  at 
the  equation — 


'IM+^+y'^)^-"." 


M  .  „dZ^ 


+4//(^f+'^i+''f>-** 


=||(yY  -  pZ)dy .  dz  +ff{aZ  -  yX)dx .  dz 

+jj{pX  —  aY)dx,dy   ....     (50) 

Let  ^  be  an  element  of  the  surface  of  the  element  of  volume, 
and  let  l,  m,  li  he  its  direction  cosines.  Then,  by  a  well-knowti 
theorem  in  solid  geometry — 

ldS=:dy .  dz,         mdS  =  dx .  dy,         TndS  =  dx  .dy    .     (51) 

This  simply  amounts  to  saying  that  the  projection  of  the  element 
of  volume  dx  ,dy .  dz  on  the  three  co-ordinate  planes  gives  us  three 
surfaces,  having  respectively  areas  equal  to  dy  .dz,  dx. dz,  dx  . dz, 
respectively. 

Again,  in  order  to  interpret  the  above  equation  we  must  remind 
the  reader  of  a  simple  theorem  in  geometry  of  three  dimensions.  If 
any  plane  area  dS  is  projected  on  the  three  co-ordinate  planes,  we 
have  as  above — 

^S  =  Si,        mdS  =  ^2f        nda  =  S^, 

where  S^,  S2  and  S3  are  the  projections  on  the  planes  of  reference, 

and  I,  m,  and  n  the  direction  cosines 

of  the  normal  to  the  surface.    If  we 

multiply  each  of  these  last  expres- 

.£  sions  by  Z,  m,  and  n  respectively, 

and  remember  that  H^-^-m^-^-ffi^l, 
^H  we  have — 

^  =  ZSi  +  wSj5  +  nSg   .    (52) 

Consider  now  the  lines  meeting 
at  the  origin  (see  Fig.  20),  one  of 
which  represents  the  electric  force  E 
in  the  field  with  its  three  axial  com- 
ponents X,  Y,  and  Z,  and  the  other 
one  represents  the  magnetic  force  H 
with  components  a,  )3,  and  y. 
Joining  the  outer  extremities  of 
lines  E  and  H,  we  have  a  triangle  OEH,  of  which  the  area  is  JEH 


Fio.  20.— Diagram  illustrating 
Poynting's  Theorem. 
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sin  ^,  where  <f>  is  the  angle  between  the  lines  OE,  OH.  If  we  project 
this  triangle  on  the  three  co-ordinate  planes,  it  is  not  difficult  to  show 
that  on  the  t/z  plane  this  projected  area  OE'H'  is  equal  to  the  differ- 
ence between  a  triangle  whose  area  is  ^j3y,  and  the  sum  of  two  other 
areas  j^()3  +  Y)(y  —  Z)  and  ^  YZ.  Hence  the  area  of  the  projection 
of  iEH  sin  <f>  on  the  yz  plane  is  JYZ  +  i(j3  +  Y)(y  —  Z)  —  ij3y  = 
^(yY  —  pZ),  In  the  same  manner  we  can  show  that  the  projections 
on  the  two  other  planes  xz  and  xy  are  ^(aZ  —  yX)  and  i(j3X  —  aY).^ 
Hence,  by  the  theorem  just  mentioned,  we  have— 

EH  sin  ^  =  (yY  -  pZ)l  +  (aZ  -  yX)m  +  (jSX  -  aY)n 

where  Z,  m,  and  n  are  the  direction  cosines  of  the  normal  to  the 
triangle  OEH.  Betuming  then  to  the  equation  (50),  we  can  write 
it  in  the  following  form.     Since — 

we  can  write  the  left-hand  side  of  (60)  in  the  form  24— 

where  dv  is  an  element  of  volume,  and  by  the  theorems  just  stated 
the  right-hand  side  of  (50)  can  be  written — 


j j {EH  sin<f>)(m (55) 


where  dS  is  an  element  of  surface  and  E  and  H  are  the  electric 
and  magnetic  forces  resolved  along  it.  Hence,  dividing  47rA,  we 
have — 

The  interpretation  of  the  above  equation  is  as  follows :  It  tells  us 
that  the  rate  at  which  the  total  electromagnetic  energy  in  any  space 
is  changing  with  time  is  measured  by  the  sum  or  integral  of  the  pro- 
ducts of  the  electric  and  magnetic  forces  resolved  along  each  element 
of  surface  of  the  volume  multiplied  by  the  sine  of  the  angle  between 
the  directions  of  these  resolved  parts,  and  divided  by  ^ttA.  As,  there- 
fore, the  right-hand  expression  is  a  surface  integral,  it  implies  that 
the  energy  enters  or  leaves  the  interior  of  the  space  by  passing 
inwards  or  outwards  through  the  bounding  surface. 

This  remarkable  theorem  is  consistent  with  the  law  of  conservation 

**  The  factor  A,  which  is  the  reciprocal  of  u,  the  electromagnetic  velocity 
comes  in  here  because  Hertz  supposes  that  the  electric  force  is  measured  in 
electrostatic  units. 
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of  energy,  which  asserts  that  if  the  energy  in  any  region  is  increased 
or  diminished  it  is  not  due  to  the  creation  or  annihilation  of  energy, 
but  to  the  arrival  or  departure  of  energy  in  some  form  which  must 
come  in  through  the  surface. 

9.  Radiation  from  an  OBoillator.^— Hertz  applied  Poynting's 
theorem  to  calculate  the  radiation  of  energy  from  an  electric  oscillator 
or  doublet  when  in  action. 

Describe  round  the  oscillator  a  sphere  of  radius  r,  where  r  is  large 
compared  with  the  wave  length,  and  apply  Poynting's  theorem  to 
this  sphere.  Take  any  point  on  the  surface  of  this  sphere.  Then  the 
polar  co-ordinates  of  this  point  are  r  and  0,  the  angle  6  being 
measured  from  the  axis  of  the  oscillator. 

At  the  point  so  defined  the  electric  force  resolved  tangentially  to 
the  spherical  surface  is  Z  sin  0  —  Y  cos  0,  and  the  magnetic  force  at 
right  angles  to  this  is  the  component  a.  If  we  substitute  for  Z,  Y, 
and  a  the  values  already  formed  in  equations  (31),  we  have  for  the 

product  EH  sin  <f>  the  quantity  — ^-g —  sin*  ;^  sin*  0,  since  sin  ^  =  1. 

The  element  of  area  of  the  sphere  may  be  taken  to  be  the  zone  of 
area  27rr*  sin  0  ei&  =  ^  lying  between  small  circles  of  polar  distance 
B  and  B  -^-ddj  and  of  mean  radius  r  sin  B. 

Accordingly,  the  whole  energy  sent  out  in  a  time  dt  through  this 

zone  is  equal  to  j— ^(EH  sin  ^)^S,  which  by  substitution  of  the  above 

values  is  found  to  be — 

"^^-^^  sm^X^^^^^dBdt (66) 

Hence  the  whole  energy  escaping  through  the  whole  sphere  per 
half  period  is  obtained  by  taking  the  integral  of  the  above  quantity 
between  the  limits  0  and  tt,  and  0  and  T.  The  reader  should  again 
note  that  Hertz  uses  the  symbol  T  for  the  half  period,  and  A,  there- 
fore, for  the  half  wave  length. 

The  integral — 

[ sinS  6  dd  =  j  sin  B  dB  —  j  cos*  B  sin  B  dd  =1  cosS  0  —  cos  0 

Hence  we  have     I  sin  ^  0  d6  =  f 

Also     I  sin*  {mr  —  nt)dt  =  ;  o  ""  o  /  cos  2{mr  —  nt)dt 

/    I  1  sin  2{mr  —  nt) 

~  2  "*"  2  ^/i 

Now,  mX  =  n7\  Hence  (wir—  wT)  =  m(r  —  A),  and  since  by 
supposition  r  is  large  compared  with  A,  we  have  {mr  —  n7*)  =  mr, 

fT  rp 

Therefore     I  sin*  {mr  —  nV)di  =  ^ 


ELECTRIC  RADIATION  441 

Collecting  these  results,  we  find  that  the  whole  energy  sent  out 
through  the  sphere  per  half  period  is  given  by — 

i  2       ""       3        ^     ^ 

But  wiA  =  n^  and  »» =  r  according  to  Hertz's  notation. 

Therefore  the  whole  energy  sent  out  per  half  period  is  given  by 
the  expression — 

^ <«>) 

If,  however,  we  remember  that  Hertz  uses  A  for  the  half  wave 
lengthy  we  may  change  the  formula  into  our  usual  notation  by  writing 

^  instead  of  A,  and  we  then  have — 

The  energy  sent  out  by  the  oscillator  \ 8^?r*  ,^qv 

per  half  period  /""    3^3 ^     ' 

or 

The  energy  sent  out  by  the  oscillator  \  _  16^2,^4 

per  complete  period  ]        3^3        •     .     .    •    (ou; 

where  A  has  the  ordinary  signification  of  the  complete  wave  length. 

This  is  the  formula  (30)  we  have  used  in  §  8  of  Chap.  III.  We 
shall  now  apply  this  result  to  calculate  the  energy  sent  out  per  half 
period  by  the  Hertz  oscillator,  described  in  §  8  of  Chap.  III.  We 
have  there  seen  that  an  oscillator  described  by  Hertz  was  of  such 
dimensions  that  each  half  had  with  reference  to  the  other  a  capacity 
of  10  cms.  Also,  he  employed  a  spark  gap  1  cm.  in  length,  which 
corresponds  to  a  spark  potential  of  30,(X)0  volts,  or  100  C.G.S. 
electrostatic  units.  Hence  the  charge  E  on  each  half  of  the  oscillator 
was  1000  electrostatic  units.  The  length  I  was  100  cms.,  and  the 
wave  length  A  was  480  cms.    Also,  w*  =  97-4. 

Therefore  the  energy  sent  out  per  half  period  is — 

8  X  97-4  X  (1000)2  X  (100)2      00  aqa     ^  /        1  ^ 
3-^(480)3  =  2^'^^^  ^^^  ('^^"^^y^ 

But  the  energy  imparted  to  the  oscillator  at  starting  was  equal  to 
J  X  10  (100)2  =  50,000  ergs.  Hence,  we  see  that  in  about  two 
half  oscillations,  or  one  complete  period,  the  energy  is  dissipated. 
The  frequency  of  the  oscillator  is  nearly  50  X  10^  (see  §  8,  Chap.  III., 
p.  280).  Hence  the  half  period  occupies  10~3  of  a  second,  and  the 
radiation  of  the  energy  is  23  X  10^^  ergs  per  second.  Hence,  to  main- 
tain this  radiation  continuously  would  necessitate  the  expenditure  of 
300  horse-power.  It  will  be  seen,  therefore,  that  even  a  small  oscil- 
lator might  require  to  be  supplied  with  an  immense  power  to  keep  its 
electric  radiation  going  continuously. 

We  may  apply  the  above  equation  (60)  to  calculate  the  radiation 
from  an  oscillator  which  will  be  useful  later  on. 
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We  may  pat  the  equation  (60)  first  into  a  form  more  osefol  for 
calculation.  If  C  is  the  capacity  in  microfarads  of  each  sphere 
or  half  of  the  oscillator  with  respect  to  the  other,  and  V  is  the 

maxunum  P.D.  m  volts  before  discharge,  then  K?zri 

is  the  maximum  charge  of  the  oscillator  in  electrostatic  units.  Hence, 
if  /  is  the  length  of  the  rod  in  centimetres  we  have  3000  GWl  =  ^  as 
the  maximum  electric  moment  in  electrostatic  units.  Accordingly 
the  radiation  per  period  is  given  by — 

W  =  ^C2V2/2N3  ergs 

0  being  the  capacity  in  microfarads,  V  the  P.D.  in  volts,  I  the  length 
in  centimetres,  and  N  the  frequency. 

The  radiation  per  period  for  a  Hertzian  oscillator  increases,  there- 
fore, as  the  cube  of  the  frequency  and  as  the  square  of  the  potential 
just  before  discharge. 

For  a  given  oscillator  the  initial  energy  imparted  to  it  is — 

2  x^0«  ^  *^'  =  ^°^'  ^'^^ 

and  from  this  and  the  previous  expression  for  the  energy  radiated 
per  period  we  can  tell  how  many  oscillations  take  place  in  a  train. 

Suppose  a  large  Hertzian  oscillator  is  constructed  by  taking  two 
rods  each  2  metres  long  and  attaching  to  one  end  of  each  rod  a  spark 
ball  and  to  the  other  a  disc  of  metal  1  metre  in  diameter.  These, 
when  placed  in  line,  give  us  an  oscillator  in  which  oscillations  can  be 

set  up  in  the  Hertzian  manner.    The  capacity  of  a  circular  disc  is  - 

electrostatic  (E.S.)  units,  where  d  is  the  diameter  in  centimetres. 
Hence  the  capacity  of  each  disc  of  the  above  oscillator  with  respect 
to  the  other  is — 

100      100      _-,Q       .. 

9^105  =  60,000  °'^^- 

Let  the  connecting  rod  be  0*5  cm.  diameter.  Now  the  inductance 
in  centimetres  L  of  a  straight  rod  of  length  I  and  diameter  d,  is — 


L  =  2z(log.f-l) 


and  for  the  above  rod  is  800  (8'05  —  1)  =  5640  cms.     Hence  for  the 

above  oscillator  the  oscillation  constant  ^OL  =  0-3  nearly,  and  the 
frequency  N  of  the  oscillation  is — 

6033  X  10«      ^„      ^^,        ,  ^ 
— -^ =  17  X  10«  (nearly) 
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The  wave  length  A  of  the  fundamental  wave  is  1760  cms.  Suppose, 
then,  that  the  spark  gap  of  the  oscillator  is  1  cm.,  then  the  spark 
potential  V  corresponding  to  this  is  30,000  volts,  or  100  E.S.  units, 
and  the  radiation  in  ergs  per  period  is  given  by — 

W  -  iIc2V2/2N8  _  il  9  X  108  X  16  X  10*  X  (17)8  x  10" 

1028'^   *  '  "    -  1028  36  X  iO«      " 

17  X  9  X  16  X  (17)8 
36^10— =  ^^'^^^  *'«" 

Hence  this  osoillator  radiates  nearly  33,000  ei^  per  period.  The 
original  charge  of  energy  is — 

1„-,-      9  X  108  X  107 

2^^  =  2  X  6  )ri6io  «^«  =  75.000  ergs 

Accordingly  the  initial  energy  is  all  radiated  in  about  two  complete 
periods. 

Suppose,  however,  we  were  to  maintain  this  rate  of  radiation  by 
creating  in  the  oscillator  persistent  oscillations,  the  rate  of  radiation 
would  be  66'1  kw.,  or  nearly  76  horse-power. 

This  example  shows  us  the  enormous  radiative  power  of  open  or 
Hertzian  oscillators. 

One  more  point  in  connection  with  them  is  of  considerable 
interest. 

Let  the  maximum  value  of  the  current  reckoned  in  amperes  in 
the  centre  of  the  antenna  be  denoted  by  A  and  its  electrostatic 
measure  by  I.    Then — 

,^  =  -andI  =  OV27rN 
10      u 

Accordingly  we  may  transform  the  expression  for  the  energy  W 
radiated  in  ergs  per  period  as  follows  : — 

_167r^CgV2rg_    167r*A2M2/2    ^47r«    ^  w  .  ^ 
""         3A8  3A3100-4ir2N2      300 "  A*  N 

If  the  oscillations  are  continuous  and  of  frequency  N,  then,  since 
^  =  9-8.7  or  nearly  10,  the  power  in  watts  radiated  is  given  by — 

P  =  394-8  ^A2 
A* 

Approximately  we  can  say  that  the  radiation  from  such  an  oscillator 
reckoned  in  ergs  per  period  is  given  by  the  expression — 

^^  =  16  T-'    ••••••    •    C61) 

If  we  suppose  a  sphere  described  round  the  oscillator  of  radius  r 
large  compaoredwith  the  dimensions  of  the  oscillator,  then  the  surface 
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of  this  sphere  is  Airr^,  and  the  mean  density  of  the  radiation  in  ergs 
per  square  cm.  is — 

W  ^i^ij^i 

iinr^      30  7ir2  A 

We  shall  return  to  this  question  of  the  radiation  from  an  antenna 
in  Chap.  IX. 

10.  Connection  between  the  Logarithmio  Decrement  and  the 
Radiation  of  an  Oscillator. — We  can  estabUsh  a  connection  between 
the  expression  as  above  obtained  by  Hertz  for  the  radiation  of  energy 
per  period  from  an  oscillator  and  the  radiation  logarithmic  decrement, 
and  thus  obtain  a  means  of  predetermining  the  value  of  the  radiation 
decrement.  For  since  the  radiation  in  ergs  per  complete  period  is 
given  by  the  expression — 

it  follows  that  the  mean  rate  of  radiation  of  energy,  which  we  may 
denote  by  —r-,  is  given  by — 

(U  -IM^ ^^^^ 

But  <f>  =  Ql,  where  Q  is  the  maximum  charge  on  each  sphere  of  the 
oscillator,  and  I  is  its  length  or  the  distance  between  the  spheres,  and 

Q2 

the  original  energy  of  the  oscillator  W  is  equal  to  57^,  where  C  is  the 

capacity  of  one  half  of  the  oscillator  with  respect  to  the  other  half. 

If  we  consider  the  oscillator  as  consisting  of  two  spheres,  each  of 

radius  B,  and  neglect  the  capacity  of  the  short  rods  between  the 

spheres  and  the  spark  balls,  then  the  capacity  of  each  sphere  is  equal 

to  B  electrostatic  units,  and  the  capacity  of  one  half  of  the  oscillator 

B  B  02 

with  respect  to  the  other  ^  .     Hence  C  =  -^~,  and  W  =  ^.    There- 

fore — 

^=-3A3r  (^^> 

Accordingly    W  =  c"^  Wo (65) 

where  Wq  is  the  original  charge  of  energy,  and — 

^      16ir*/«Btt  ,^n. 

^  =  -3A4" ^^^ 

u  being  the  velocity  of  radiation,  and  wT^  =  A.    Therefore  the  time  t 
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in  which  the  energy  of  the  oscillator  falls  to  -  of  its  original  value  is 

given  by  ^  =  7,  and  the  time  in  which  the  amplitude  of  the  oscillations 

1  ...  2 

falls  to  -  of  the  original  amplitude  is  given  by  ^  =  ^. 

If  we  then  define  the  logarithmic  decrement,  as  we  have  done,  to 
be  the  logarithm  of  the  ratio  of  two  successive  oscillations  in  opposite 
directions  or  separated  by  half  a  complete  period,  and  if  we  call  I^  and 
Im,  the  first  and  the  mih  oscillations  respectively,  we  have — 

7„  =  /^€"  («"!)» 

and  hence  /««  =  I^^  "  ^(m  -  l)« 

where  8  is  the  log.  dec.  is  defined  as  above. 

The  energy  of  an  oscillation  varies  as  the  square  of  the  amplitude, 

and  accordingly  the  time  t  in  which  the  energy  falls  to  -  of  its  initial 

€ 

value  is  such  that — 

2(m-.l)=g,    but  (in -l)j=^ 

T      1  hT 

Therefore     7^  =  t  or  8  =  -t- 
4o      A  4 

But  we  have  found  (see  equation  (66))  that — 

Hence    S=— ^2A3~ (^^) 

^"^    8  =  '6A8" (^®) 

where  G  is  the  capacity  of  one  part  of  the  oscillator  with  respect  to 
the  other. 

This  last  expression  gives  us  a  value  for  the  radiation  decrement 
8r  in  terms  of  the  quantities  I,  C,  and  A.    The  time  r  in  which  the 

amplitude  of  the  oscillation  falls  to  -  of  its  original  is  twice  that  in 


.  1 
which  the  energy  falls  to  -  of  its  original  value,  and  is  therefore  equal 

2  T 

to  7  or  to  ;;x.    Hence  the  time  r  in  which  the  amplitude  of  the  oscilla- 
At  25 

tiODS  falls  to  -  of  its  original  value  is  given  by — 


446  ELBCTBIO   BADIATIOM 

_T._    6X»T    _     6A8 
'^  ~  28  ~  32w*W ""  167r*PR      '    •    '    •    ^"^^ 

Since  C  =  ^ . 

Thus  in  the  case  of  the  Hertz  oscillator  already  mentioned,  con- 
sisting of  two  spheres,  each  15  cms.  radios,  placed  at  the  ends  of  a 
rod  100  cms.  in  length  with  spark  gap  in  the  centre.  Hertz  found  hy 
experiment  that  this  radiator  emitted  a  wave  having  a  wave  lengidi 
of  560  cms.     Hence  A  =  560  cms.,  and — 

6x(560)3xy ,  „Q. 

16  X  97-4  X  (100)2x15""**^     "    *    *    ^'"^ 

For  an  oscillator  of  nearly  equal  size,  B  jerknes  f  oimd  experimentally 

11.  Radiation  of  Eleotroma^etio  Waves  from  a  Marconi 
Earthed  OsoiUator. — G.  Marconi  made  a  remarkable  improvement 
in  the  practical  means  for  the  production  of.  electric  waves  by  his 
invention  of  the  earthed  vertical  oscillator  (see  Chap.  YII.).  Although 
Hertz  had  employed  oscillators  as  above  described,  both  in  horizontal 
and  vertical  positions,  it  had  not  occurred  to  any  one  before  the  time 
when  Marconi  began  to  experiment  on  this  subject  to  bury  a  Hertz 
radiator  partly  in  the  earth  with  its  axis  vertical. 

Marconi  did  that  which  was  equivalent  to  this  when  he  connected 
an  insulated  elevated  cylinder  or  plate  suspended  in  the  air  by  a  vdre, 
with  one  spark  ball  attached  to  the  secondary  circuit  of  an  induction 
coil,  and  connected  the  other  spark  ball  to  a  plate  buried  in  the  earth. 
On  bringing  the  spark  balls  near  together  and  starting  the  coil  in 
action  we  set  in  operation  an  oscillator,  one  half  of  which  is  buried 
in  the  earth.  Bv  so  doing  an  oscillator  is  constructed  which  is 
equivalent  or  nearly  so  in  radiative  power  to  a  complete  or  Hertzian 
oscillator  of  double  the  total  length.  The  novelty  of  such  a  suggestion 
is  to  be  measured  rather  by  its  non-obviousness  to  experts  than  by 
the  simplicity  of  the  device  in  itself,  and  its  value  is  proved  by  its 
utility. 

Since  the  earth  is  a  fairly  good  conductor,  we  may  consider 
the  insulated  aerial  wire  to  form  with  the  earth,  and  the  space  in 
between,  a  condenser.  The  aerial  wire  has  a  certain  capacity  with 
respect  to  the  earth.  Hence,  when  the  aerial  is  charged  with 
electricity,  there  must  be  lines  of  electric  strain  stretching  from  it  to 
the  earth,  in  all  directions  around  it  symmetrically,  as  shown  roughly 
in  Fig.  21.  If  we  now  consider  the  aerial  to  be  suddenly  discharged 
across  the  spark  gap,  we  may,  in  accordance  with  principles  already 
explained,  consider  that  the  ends  of  the  lines  of  strain  terminate  on 
electrons  in  the  aerial,  and  these  electrons  will  receive  a  sudden  dis- 
placement or  be  set  in  oscillation.  Hence,  in  accordance  with  the 
explanation  already  given  in  §  7,  the  inertia  quality  of  the  lines  of 
electric  force  will  come  into  play,  and  kinks  or  displacements  be  pro- 
pagated along  them.  These  kinks  or  discontinuities  unite  into  loops  of 
electric  force,  which  are  detached  from  the  antenna.    In  the  case,  how- 
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ever,  of  the  Marconi  aerial,  these  loops  must  be  semi-loops,  with  their 
feet  or  ends  resting  on  the  earth.  As  each  loop  is  formed  it  is  pushed 
outwards  by  others,  and  the  pro- 


\  1   .^' 


i    i    t    I  C^  •    •    •    ♦    : 
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cess  may  be  diagrammatioally  in- 
dicated as  in  !^g8.  22  and  23. 
Accompanying  this  outward  move- 
ment of  the  semi-kx>ps  of  electric 
strain,  there  will  be  an  expansion 
of  circular  lines  of  magnetic  flux 
in  circles  with  their  planes  parallel 
to  the  earth  and  centres  in  the 
aerial  wire.  These  Unes  of  flux 
are  alternately  directed  in  a  right- 
handed  and  left-handed  direction, 
as  seen  from  above.  If  we  can 
imagine  a  being  endowed  with  a 
kind  of  vision    enabling  him  to 

see  the  lines -of  electric  strain  and  magnetic  flux  in  space,  he, 
standing  at  any  spot  on  the  earth's  surface,  would  see,  when  the 
radiator  was  in  action,  bunches  or  groups  of  lines  of  electric  strain 
fly  past.  Near  the  earth's  surface  these  strain  lines  would  be 
vertical  Alternate  groups  of  lines  of  strain  would  be  oppositely 
directed,  and  the  spectator  would  also  see  groups  of  lines  of  magnetic 
flux  fly  past,  directed  in  a  horizontal  direction,  or  parallel  to  the 
earth's  surface.  These  strain  and  flux  lines  would  move  with  the 
velocity  of  light,*  and  the  distance  between  two  successive  maxima 


Fio.  21. — ^Bongh  Bepreeentation  of 
Lines  of  Eleotric  Strain  round  a 
Simple  Marooni  Antenna  before 
Spark  Discharge. 
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Pio.  22. — Diafframmatio  Representation  of  the  Detaohment  of  Semi-loops  of 
Eleoiric  Strain  from  a  Simple  Marconi  Antenna  or  Rod  Oscillator. 

of  electric  strain  directed  in  the  same  direction  would  be  the  wave 
length  of  the  wave.  It  will  be  seen,  therefore,  that  the  process  is 
one  which  necessitates  a  perfectly  free  movement  of  electricity  into 
and  out  of  the  earth  at  the  base  of  the  aerial,  and  experience  shows 
that  a  *'  good  earth,"  that  is,  a  good  low  resistance  and  low  inductance 
connection  between  the  earth  and  the  lower  spark  ball  is  important. 
Also,  it .  has  been  found  that  a  good  conducting  earth  surface  is 
required. 

If  we  imagine  a  Hertz  oscillator,  consisting  of  a  rod  severed  in 
the  middle  and  having  at  that  point  a  spark  gap,  to  be  bisected  by  a 
plane,  so  that  the  rods  are  perpendicular  to  the  plane,  then,  since  the 
electric  force  due  to  the  oscillator  is  everywhere  perpendicular  to  this 
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median  plane,  we  can  make  this  plane  conducting  without  affecting 
the  distribution  of  the  force  on  either  side.  The  force  systems  on  the 
two  sides  are  then  independent.  We  may  consider  this  plain  con- 
'  ducting  sheet  to  be  at  zero  potential,  and  we  may  imagine  the  force 
system  on  one  side  suppressed ;  still  the  distribution  of  electric  force 
on  the  other  side  will  not  be  affected. 

We  thus  arrive  at  the  conclusion  that  if  a  vertical  rod  is  set  up 
in  the  air,  and  at  its  lower  end  there  is  a  spark  ball  in  apposition  to 
another  spark  ball  connected  to  an  earth  plate,  this  arrangement 
constitutes  electrically  one-half  of  a  Hertz  oscillator.  The  antenna 
above  the  earth  is  said  to  be  electrically  ''  reflected  "  in  the  earth's 
surface,  and  the  electromagnetic  effect  at  any  distant  point  is  that 
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Fig.  23.— Diagram  iUastrating  the  Meaning  of  the  Term  Wave  Length  in  Con- 
nection with  the  Electric  Radiation  from  a  Rod  Oscillator. 


due  to  the  electricaJ  oscillations  in  the  antenna  itself  and  to  its 
"  image  "  reflected  in  the  earth's  surface. 

The  assumption  here  made  is  that  the  earth  is  a  good  conductor, 
and  this  is  valid  for  damp  soil  or  sea  surface.  We  shall  return  again, 
in  a  later  chapter,  to  the  consideration  of  the  influence  of  the  earth 
and  of  the  atmosphere  above  it  on  electric  wave  propagation,  in 
considering  the  actual  apparatus  used  in  wireless  telegraphy  by 
electric  waves. 

12.  Theory  of  a  rod-shaped  Osoillator. — The  theory  given  by 
Hertz  applied  to  an  ideal  oscifiator  in  which  two  equal  and  opposite 
electric  charges  were  supposed  to  reside  in  two  small  spheres  separated 
by  a  short  linear  conductor  with  a  spark  gap  in  it.  The  electric 
moment  was  taken  as  the  product  of  either  charge  and  the  length  of 
the  oscillator.  This  ideal  case,  however,  does  not  quite  correspond 
with  the  practical  case  as  exhibited  in  wireless  telegraphy.  In  this 
latter  caso  we  have  as  oscillator  in  its  simplest  form  a  vertical  wire 
or  rod  having  a  spark  gap  at  its  lower  end,  and  the  lower  spark  ball 
connected  to  a  good  earth.  This,  as  we  have  seen,  may  be  regarded 
as  half  a  complete  linear  oscillator  consisting  of  two  rods  placed  in 
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line  with  each  other,  their  inner  ends  provided  with  spark  balls  and 
placed  in  apposition.  We  require,  therefore,  the  theory  of  a  linear 
or  rod  oscillator.  This  has  been  given  by  several  writers,  parti- 
cularly in  complete  form  by  M.  Abraham  25  and  by  H.  M.  Mac- 
donald.2e 

Abraham's  memoir  on  the  subject  is  long  and  abstruse,  and  almost 
impossible  to  abstract  adequately.  His  method  of  treatment,  however, 
is  as  follows  :  To  bring  the  problem  within  the  grasp  of  analysis,  he 
considers  the  rod  to  be  an  ellipsoid  of  revolution  symmetrical  round 
its  major  axis,  the  eccentricity  of  this  ellipsoid  being  very  large.  The 
ratio  of  the  semi-minor  axis  to  the  semi-major  axis  is  therefore  a 
very  small  fraction,  the  square  of  which  may  be  neglected.  As  the 
external  effects  will  be  symmetrical  with  respect  to  the  major  axis, 
it  suffices  to  consider  the  problem  as  one  in  two  dimensions.  The 
outline  of  the  conductor  is  therefore  taken  as  an  ellipse,  and  the  half 
distance  between  the  foci  is  taken  as  the  unit  of  length.  A  system 
of  ellipticaJ  co-ordinates  is  then  adopted  in  which  confocal  ellipses 
are  described  round  the  elliptical  conductor,  and  confocal  hyper- 
bolas cut  these  ellipses  orthogonally.  The  electric  and  magnetic 
forces  in  the  space  outside  the  aerial  must  therefore  satisfy  the 
equations  of  Maxwell,  and  the  lines  of  electric  force  must  terminate 
on  the  conductor  normally  to  its  surface.  These  equations  are 
then  written  down  in  terms  of  the  system  of  elliptical  co-ordinates 
selected. 

It  is  then  shown  that  the  free  time  period  of  oscillation  of  such  a 
rod-shaped  oscillator  varies  as  the  square  root  of  the  dielectric  con- 
stant of  the  surrounding  medium,  but  that  the  logarithmic  decrement 
is  independent  of  the  nature  of  the  medium. 

It  follows  that  the  wave  length  of  the  waves  sent  out  into  the 
surrounding  medium  is  independent  of  the  dielectric  constant  of  that 
medium,  for  the  wave  length  is  the  product  of  the  velocity  and 
time  period.  Now,  the  wave  velocity  varies  inversely  as  the  square 
root  of  the  dielectric  constant,  and  since  the  period  varies  directly  as 
the  same  quantity,  the  wave  length  is  constant.  Again,  Abraham 
shows  that  the  time  periods  of  geometrically  similar  oscillators  are 
proportional  to  their  length,  whilst  their  logarithmic  decrements  are 
the  same. 

He  takes  as  the  meridian  section  of  his  oscillator  an  ellipse 
having  a  semi-minor  axis,  b,  and  a  semi-interfocal  distance,  1,  such 
that  ^  may  be  neglected  in  comparison  with  unity. 

The  quantity  — — — ,  or  ^    ,  where  I  is  the  length  of 

the  wire  and  d  its  diameter,  is  then  denoted  by  e,  and  it  is  then  shown 
that  for  such  an  oscillator  the  fundamental  wave  length  is  approxi- 
mately equal  to  twice  the  length  of  the  rod,  also  that  the  damping  by 
radiation  diminishes  as  the  thickness  of  the  rod  decreases,  and, 

**  M.  Abraham,  **  EUeotrischen  Sohwingungen  am  einen  stabfdrmigen  Leiter 
behandelt  nach  der  Maxwell'schen  Theorie/'  Annalen  der  Phyaik,  1898,  vol.  66, 
p.  435. 

"  H.  M.  Macdonald,  '*  Electric  Waves,*'  Chap.  X. 

2  G 
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moreover,  that  the  damping  is  less  for  the  higher  harmonics  than  for 
the  fundamental^ 

Abraham  denotes  the  fundamental  frequency  n  by  unity,  and  the 
harmonics  by  n  =:  2,  n  =  3,  etc. 

He  then  shows  that  the  logarithmic  decrement  per  campkts  period 
{8n\  where  n  is  the  order  of  the  oscillation,  viz.  whether  fundamental 
or  higher,  is  given  by  the  expressions — 

Si  =  9-74^  =  ^^5^,        82  =  6-23  ^ 

and  generally,  S^  = — —   -  «      .......     (71) 

Thus,  for  instance,  if  we  consider  a  vertical  Marconi  aerial  wire  of 
which  the  height  is  180  feet  and  diameter  0*2  inch,  we  may  consider 
the  vertical  section  of  this  wire  as  the  meridional  section  of  a  semi- 
ellipse,  of  which  the  semi-interfocal  distance  is  2160  inches,  which  is 
the  length  of  the  wire.  The  semi-diameter  is  then  0*1  inch,  and 
the  value  of  b  or  the  semi-minor  axis  of  the  ellipse  is  then  3y^» 
or  2/b  =  43200.    Hence  we  have— 

e  = i-5-  =  0-0234 

4  log.  (f ) 

Therefore    Si  =  0-23,       S2  =  0*146 

Accordingly,  the  fundamental  decrement  per  half  period  would  be 
0*115,  and  this  agrees  with  the  results  of  tne  calculation  given  in 
Chap.  III.  §  8. 

A  very  interesting  paper  has  been  published  by  F.  Hack,28  which 
supplements  that  of  M.  Abraham  by  delineating  graphically  the  form 
of  the  lines  of  electric  force  round  a  linear  or  rod  oscillator. 

Hack  takes  the  expressions  derived  by  Abraham  and  applies  them 
in  the  case  of  an  infinitely  thin  rod  for  which  the  quantity  denoted 
by  0  ==  0,  and  deduces  an  equation  for  the  lines  of  electric  force  due 
to  the  fundamental  oscillation  in  the  form — 

Try        7r(iU  —  x)      ^ 
cos  ^  cos    ^    ^         =  Cj 

where  x  and  y  are  the  elliptical  co-ordinates  of  a  point  in  the 
meridional  plane,  u  is  the  velocity  of  radiation,  and  C^  is  a  constant. 
The  diagrams  in  Figs.  1  to  4,  Plate  YI.,  represent  the  form  of  the 
lines  of  electric  force  round  the  linear  oscillator  for  epochs  ^  =  0, 

*'  Abraham  shows,  as  also  does  Maodonald,  that  the  length  of  the  wave  is 
rather  greater  than  twice  the  length  of  the  rod.  Macdonald  shows  it  to  be  2*5 
times  nearly.  See  H.  M.  Macdonald,  **  Electric  Waves,*'  p.  111.  See  also  end 
of  §  7  in  Chapter  IV. 

'*  See  F.  Hacjc,  "Das  Elektromagnetische  Feld  in  der  Umgebung  eines 
linearen  Oszdllators/'  Annalen  der  Physik,  1904,  vol.  14,  p.  689. 
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t=:^,t==-,t=^^-.    In  this  case  the  fundamental  wave  length 

All  tl  AH 

Ax  =  4,  unity  representing  the  half  length  of  the  rod. 

As  in  the  case  of  the  diagrams  given  by  Hertz,  the  above  diagrams 
by  Hack  show  that  the  wave-making  process  consists  in  the  detach- 
ment of  loops  or  closed  lines  of  electric  force,  and  that  the  true  wave 
state  is  not  established  within  a  distance  equal  to  about  half  a  wave 
length. 

If  we  suppose  these  diagrams  traversed  by  a  horizontal  line,  then 
all  that  part  of  the  diagrams  above  that  horizontal  line  will  represent 
the  disl^bution  of  electric  force  round  a  Marconi  aerial  wire  or 
antenna  at  various  stages  during  the  oscillation. 

Hack  has  also  {loc,  cit)  given  an  additional  very  interesting  series 
of  diagrams  showing  the  distribution  of  the  electric  force  round  the 
rod  oscillator  when  the  oscillations  are  harmonics  (see  Figs.  5  to  12, 
Plate  YI.)-  Thus,  for  the  first  harmonic  (n  =  2)  the  equation  to  the 
lines  of  electric  force  is  given  by — 


^\f' 


sin  Try  sin  (t^  —  a?)  =  O2 


and  Hack  gives  a  series  of  four  diagrams  showing  the  distribution  of 
the  electric  force  corresponding  to  the  times — 

/  —  0       /  —  -^        /  —  "^        t—^ 

4i4  2u  ^u 

where  u  is  the  velocity  of  radiation. 

These  are  shown  in  Figs.  5  to  8,  Plate  VI. 

In  this  case  the  wave  length  X2  =  2,  unity  representing  the  half 
length  of  the  rod. 

Again,  for  the  second  harmonic  {n  =  3)  he  also  gives  the  electric 
force  distribution.  This  case  is  important,  because  the  second 
harmonic  for  the  finite  rod  is  the  first  harmonic  for  the  rod  earthed  at 
one  end,  so  that  the  case  when  the  frequency  is  three  times  that  of 
the  fundamental  is  a  practical  case  which  concerns  us  in  wireless 
telegraphy.  Hack  shows  that  the  Abraham  equations  reduce  in  this 
last  case  to  the  form — 

SiTt/        37r ,   .        .       ^ 
cos  ~Y  cos  -^  (ut  —  «)  =  C3 

4 

The  wave  length  A3  is  ^  of  the  half  length  of  the  rod. 

This  force  system  is  represented  by  the  four  diagrams  in  Figs.  9 

to  12,  Plate  VI.,  for  the  epochs /  =  0,  /=  — ,  ^  =  ^  .<=n  • 

ou  ou         2u 

It  will  be  seen  that  the  wave  production  consists  in  sending  out 
as  usual  closed  loops  of  electric  force. 

If  we  take  the  force  distribution  in  the  upper  half  of  each  diagram, 
we  have  a  representation  of  the  system  of  lines  of  electric  force  sent 
out  by  a  Marconi  aerial  when  the  oscillations  are  the  first  or  first  odd 
harmonic.     The  force  system  then  consists  partly  q{  qIq^(}  loops  of 
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electric  force  and  partly  of  semi-loops  of  electric  force  with  their  ends 
on  the  earth  surface.  The  full  discussion  of  the  problem  of  the 
transmission  of  these  electric  waves  round  the  earth's  curved  surface 
is  reserved  for  Chap.  IX.  in  Part  III.  of  this  book.  The  satisfactory 
explanation  of  it  involves  many  difficulties,  some  of  which  are  by  no 
means  cleared  up. 

By  means  of  a  cinematograph  it  is  possible  to  throw  on  the 
screen  a  representation  of  the  moving  lines  of  electric  force  of 
a  Hertzian'  oscillator  or  Marconi  aerial  in  operation.  In  this  case  a 
series  of  diagrams  have  to  be  prepared  similar  to  those  in  Figs. 
1  to  66,  Plates  II.,  III.,  IV.,  and  V.  (see  end  of  this  chapter),  only 
delineated  for  much  closer  intervals  of  time.  The  whole  periodic 
time  must  be  divided  into  twenty  or  thirty  parts,  and  diagrams 
delineated,  representing  the  exact  state  of  the  field  of  electric  force 
for  these  instants.  When  such  a  series  of  diagrams  is  photographed 
on  a  celluloid  strip  and  sent  through  a  cinematograph  lantern,  we 
see  on  the  screen  a  "living  picture"  of  the  Hertzian  oscillator  or 
Marconi  aerial  in  electrical  oscillation,  and  can  witness  the  pulsation 
of  the  lines  of  electric  force,  and  the  radiation  or  throwing  off  of  the 
loops  or  semi-loops  of  electric  strain. 

13.  The  Radiation  from  Open  and  Closed  OscillatorB. — As 
already  explained,  a  closed  oscillation  circuit  is  one  which  consists 
of  a  condenser,  the  plates  of  which  are  very  near  together,  and  are 
also  connected  by  a  loop  or  circuit  of  wire.  If  oscillations  are  set  up 
in  this  circuit  then,  although  the  plates  of  the  condenser  are  charged 
alternately  with  charges  of  opposite  sign,  yet  being  near  together  their 
charges  practically  neutralize  each  other  in  external  space  as  far  as 
regards  the  production  of  electrostatic  potential.  The  effect  which  is 
produced  is  nearly  all  due  to  the  current  in  the  nearly  closed  circuit. 
Hence  there  is  a  vector  potential  but  no  scalar  potential  distribution. 
Nevertheless,  such  a  closed  oscillator  can  create  both  electric  and 
magnetic  forces,  and  radiate  electromagnetic  waves  into  surrounding 
space.  An  extreme  case  of  such  a  closed  oscillatory  circuit  is  a 
small,  square,  closed  circuit  formed  by  placing  in  contiguity  four 
Hertzian  oscillators  with  spheres  or  ends  in  contact,  and  assuming 
that  the  oscillations  in  each  separate  oscillator  are  simultaneous  and 
directed  in  the  same  direction.  This  does  not  differ  in  effect  from 
a  simple  closed  conductive  circuit  assumed  to  be  the  seat  of  a  high- 
frequency  current.  It  is  interesting  to  note  that  the  mathematical 
problem  of  ascertaining  the  external  effect  of  such  a  circuit  was 
considered  by  the  late  Professor  G.  F.  Fitzgerald  prior  to  the  date 
of  Hertz's  researches,  and  he  showed  that  such  a  circuit  could 
radiate  electromagnetic  energy.2»  We  can  easily  obtain  expressions 
for  the  electric  and  magnetic  forces  produced  by  such  an  oscillator 
by  considering  a  small  square  circuit  of  side  8z  =  8y  placed  with  its 
centre  at  the  origin  (see  Fig.  24),  each  side  consisting  of  a  small 
Hertzian  oscillator  of  electric  moment  <f>.  Let  the  oscillator  be 
traversed  by  an  alternating  current  of  maximum  value,  I,  and  let  n 
stand  for  ^n  times  the  frequency  as  before.  Let  M  denote  the  value 
of  ISySz  or  the  product  of  the  maximum  current,  and  the  area  of  the 

2*  See  the  scientifio  writings  of  the  late  Prof.  G.  F.  Fitzgerald,  edited  by 
Sir  Joseph  Larmor,  F.B,S. ,  p.  128. 
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oscillator,  and  let  this  product  be  called  th^  magnetic  moment  of  the 
oscillator.    Then,  since  ^  =  Q8y  =  Q&,  and  since  I  =  Qn,  we  have 

—  s=  <f)8y  =  <f)8z.     Also,  since 

the  oscillator  produces  no 
scalar  potential,  and  since  the 
currents  in  it  are  wholly  in 
the  plane  of  t/z,  we  have 
V  =  0,  F  =  0,  but  we  have 
components  of  the  vector 
potential  G  and  H  parallel  to 
the  currents  in  the  two  sides 
of  the  square,  which  can  easily 
be  shown  to  have  values — 

G  =  d^Sz. 
^dzdt    ' 

ai/at 

where  U  stands  as  before  for       ^  -.^    Accordingly,  when  we 

substitute  these  values  in  the  Maxwellian  equations  for  the  electric 
and  magnetic  forces  given  as  in  equations  (20)  and  (21),  we  have — 


Fia.  24. 


X  =  0 


Z  = 


_AM  ^ 
n    dzdfi 
AM  rfsn 
n    dydi^ 


(72) 


M  rfsn 

'^       n  dxdydt 
^      n  dxiizdi 


1 

/ 


(73) 


The  coefficient  A  =  -  appears  in  the  expressions  for  the  electric 


u 


force,  because  M  being  in  electromagnetic  units  we  must  divide  by 
3  X  10^0  to  obtain  the  values  of  Y  and  Z  in  electrostatic  units. 

If  these  equations,  (72)  and  ^73),  are  compared  with  the  corre- 
sponding equations  (27)  and  (28)  in  §  7,  it  will  oe  seen  that  the  two 
sets  differ  as  follows.  For  the  closed  oscillator  we  have  the  same 
expressions  for  the  electric  force  components  as  for  the  magnetic 
components  of  the  linear  oscillator,  with  the  exception  that  in  the 
closed  circuit  everything  is  symmetrical  with  respect  to  the  x  axis, 
and  in  the  case  of  the  open  oscillator  with  respect  to  the  z  axis. 
Again  the  expressions  for  the  magnetic  force  components  of  the 
closed  oscillator  are  identical  with  those  for  the  electric  force  com- 
ponents of  the  open  oscillator,  with  the  exception  that  z  takes  the 
place  of  X, 

Hence  it  is  clear  that  the  oscillations  in  the  closed  oscillator  give 
rise  to  electromagnetic  radiation,  as  in  the  case  of  the  open  oscillators 

**  See  J.  A.  Fleming,  "A  Note  on  the  Theory  of  Directive  Antenne  or  Unsym- 
metrical  Hertzian  Oscillators/'  Froc,  Boy.  Soc.  Land.,  vol.  78,  A.,  1906.  p.  8. 
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with  the  difference  that  i^e  electric  forces  and  magnetic  forces  change 
places.  The  open  oscillator  has  rings  or  circles  of  magnetic  force 
surrounding  its  symmetrical  or  z  axis,  and  the  closed  oscillator  has 
rings  or  circles  of  electric  force  surrounding  its  symmetricaL  or  x  axis, 
whilst  the  lines  of  magnetic  force  of  the  closed  oscillator  are  similar 
in  form  to  the  electric  lines  of  the  open  one. 

There  is,  however,  an  immense  difference  between  the  two  cases, 
viz.  in  the  energy  radiated  outwards  in  each  case  per  unit  of  time.  It 
is  clear,  from  the  symmetry  of  the  two  cases,  without  any  long 
detailed  proof,  that  since  the  energy  sent  out  by  the  open  osciUator 

per  complete  period  is  expressed  by  W  =  ~^^y  where  ^  is  the 
electric  moment  of  the  open  oscillator,  the  energy  sent  out  per  period 
by  the  closed  oscillator  must  be  equal  to  — q^g"" »  ^^®™  ^  ^  ^^® 

magnetic  moment  of  the  closed  circuit.  If  detailed  proof  is  required, 
the  reader  may  be  referred  to  a  series  of  three  articles  by  the  author 
on  "  The  Elementary  Theory  of  Electric  Oscillators,"  published  in 
Ths  Electrician,  vol.  Hx.,  Sept.  27,  Oct.  4,  11,  1907,  pp.  936,  976,  and 
1016: 

For  the  purposes  of  comparison  we  can  put  these  formulae  in  a 
more  convenient  form.  Let  us  suppose  the  open  oscillator  tojtiave  a 
length  Z,  and  that  the  capacity  of  each  end  sphere,  or  half  of  the 
oscUlator  with  respect  to  the  other,  be  denoted  by  C,  and  the  maximum 
potential  difference  of  the  spheres  is  V.     If  V  is  reckoned  in  volts, 

then  ^^  is  the  P.D.  in  electrostatic  units,  and  if  C  is  in  microfarads, 

then  9  X  lO^C  is  the  capacity  in  electrostatic  units.     Hence  the 

electric  moment  ^  =  30000V?. 

Let  the  current  in  the  centre  of  the  oscillator  have  a  maximum 

value  A,  and  let  it  be  in  the  form  of  undamped  sinoidal  oscillations, 

wCV 
so  that  A  =  -r^  ,  where  w  =  27r  times  the  frequency  N.     Then, 

if  a  is  the  E.M.S.  value  of  the  current,  a=    p-,  and  the  energy  t 

V2 

radiated  per  period  in  ergs  is  given  by — 

;2  A2 
,  =  47r2108i^| (74) 

and  the  radiation  in  watts  w  is  given  by — 

M^  =  407r2^A2 (75) 

Remembering  that  ti*  =  9  87,  and  NA  =  3  X  lOio,  we  have— 

^  =  0-2632^a2 -.     (76) 

?<;  =  789-6^a2 (77) 
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In  the  case  of  the  closed  oircidt,  if  we  assume  it  to  be  a  square 
oirouit,  hayiog  a  length  of  side  2,  and  therefore  an  area  ^,  and  if  the 
current  in  it  is  an   alternating  current  of  frequency  N,  maximum 

A 

value  A  amperes,  and  root-mean-square  value  a  =  -^,  we  have  for 

A^ 
the  magnetic  moment  M,  M  =  j^,  and  hence  for  the  energy  in  ergs 

sent  out  per  period — 

.  =  10-4*^ (78) 

and  the  radiation  in  watts  i 


w=:  31200^^ (79) 

We  can  then  write  the  formulsB  (77)  and  (79)  for  the  radiation  in  the 
two  cases  open  and  closed,  as  follows  : — 

w  =  87  X  10-20a2^N2  (for  the  open  or  electric  oscillator)  .    (80) 
tr  ==  4  X  10-88a2;4N*  (for  the  closed  or  magnetic  oscillator)*    (81) 

In  the  formula  (77)  we  see  that  the  expression  for  the  radiation  in 
watts  is  the  product  of  the  mean  square  value  of  the  current  (a^)  in 
the  centre,  and  a  factor  789*61^ /X^,  which  corresponds  therefore  to  a 
resistance.  This  last  quantity  is  therefore  called  the  radiation  remtancB 
of  the  oscillator.  Since  A  is  approximately  equal  to  2*52  for  a  simple 
rod  oscillator,  it  follows  that  the  radiation  resistance  for  such  an 
oscillator  is  not  far  from  128  ohms. 

These  formulsB  show  us  that  for  the  same  mean-square-current, 
linear  dimensions,  and  frequency,  the  radiation  of  the  open  oscillator 
is  immensely  greater  than  that  of  the  closed  oscillator,  provided  that 
the  frequency  is  not  very  high.  Also  they  show  us  that  the  radiation 
of  the  closed  oscillator  increases  very  much  faster  with  the  frequency 
than  that  of  the  open  oscillator. 

In  the  case  of  an  open  oscillator  consisting  of  a  simple  straight 
rod  with  spark  gap  in  the  centre,  there  is  a  definite  relation  between 

the  length  I  and  the  wave  length  emitted,  which  is  such  that  ^  is 

approximately  0*4.  If  the  rod  is  a  thin  wire  it  is  nearer  0*5.  Hence 
for  such  an  oscillator  we  have  tv  =  128a2,  or  the  radiation  in  watts 
depends  only  on  the  mean  square  value  of  the  current  at  the  centre. 

The  formula  would,  however,  require  some  correction  in  the 
constant  before  applying  it  to  a  real  Unear  antenna,  because  it  has 
been  obtained  on  the  assumption  that  the  oscillator  is  short,  and  the 
current  at  all  points  in  it  the  same.  This,  however,  is  not  the  case, 
for  the  current  is  a  maximum  at  the  centre  and  zero  at  the  ends. 

We  may  consider  the  problem  of  determining  the  total  radiation 
of  a  single  wire  antenna  theoretically  from  first  principles  thus : — 
We  have  seen  that  in  an  antenna  the  current  varies  from  point  to 
point,  and  also  the  potential.    We  may  then  consider  the  antenna, 
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however  complicated,  as  made  up  of  a  number  of  elements,  in  each 
of  which  the  current  is  approximately  constant.  Each  of  these 
elements  will  have  a  certain  alternating  potential  difference  between 
their  ends,  and  may  therefore  be  regai^ied  as  small  Hertzian  oscilla- 
tors. The  electric  and  magnetic  force  of  the  whole  antenna  is 
therefore  the  resultant  of  the  forces  due  to  each  elementary  oscillator 
separately.  We  have  already  given  in  Chap.  V.  §  7,  the  expressions 
for  the  electric  and  magnetic  forces  of  a  small  Hertzian  oscillator  at 

points  at  a  considerable  distance  from 
it,  and  also  shown  how  the  total 
radiation  can  be  calculated  by  means 
of  Poynting's  theorem.  Suppose  we 
now  consider  a  vertical  linear  plain 
antenna,  and  divide  it  up  into  Hertzian 
elements,  each  of  length  S3,  and  sup- 
pose a  hemisphere  described  around 
it,  the  radius  of  which  is  very  large 
compared  with  the  height  of  the  antenna  (see  Fig.  25).  Then  at  any 
point  P  on  the  surface  of  this  hemisphere  we  cua  calculate  the  electric 
and  magnetic  force  due  to  the  whole  antenna  as  follows  : — 

We  shall  assume  that  the  hemisphere  is  so  large  that  lines  drawn 
from  any  point  on  it  to  all  points  on  the  antenna  make  the  same 
angle  0  with  the  vertical.  The  expressions  for  the  forces  due  to  a 
small  oscillator  of  electric  moment  ^  at  a  point  P,  at  a  great  distance 
r  when  the  radius  vector  r  makes  an  angle  6  with  the  vertical  are 
(see  equations  (31) ). 


Fig.  26. 


Y  = 


Z== 


a  = 


- —  sm  Y  sin  0  cos  0 
r  ^ 

~ —  sm  Y  %\vfi  6 
r  ^ 

6mii    .         .    ^ 
^ —  sm  Y  sm  Q 
ur         ^ 


.     (82) 


Now,  by  Poynting's  theorem  it  is  known  that  the  whole  energy 
sent  out  in  a  time  dt  from  the  element  is  (by  (66),  Chap.  V.) 
equal  to — 


4^m^ 


sm2  ^  sinS  6  dd  dt 


where  p  =z27r  times  the  frequency.     Hence  the  energy  sent  out  by 
the  same  oscillator  per  period  is — 

3A3 

Suppose  that  i  is  the  maximum  current  in  any  element  of  length 
8z  of  the  antenna,  and  that  <f>  is  the  maximum  electric  moment  of  this 
element  during  the  period.     Then  it  is  easily  seen  that  iSz  =  <f)p. 

The  maximum  current  at  any  point  in  the  linear  simple  antenna 
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may  be  expressed  as  a  sine  function  of  the  position  of  Sz  in  the  form — 

TT 

t  =  /sin     .(A  — «) 

where  h  is  the  height  of  the  antenna,  and  z  is  the  distance  of  the 
point  from  the  lower  end,  and  /  is  the  maximum  current  at  the  base 
or  earthed  end  of  the  antenna.  This  expression  gives  us  »  =  / 
when  3=0,  and  t  =  0  when  z  =  h,  &s  it  should  do. 

If  we  then  substitute  the  above  values  of  6  and  %  in  the  equations 
for  the  electric  and  magnetic  forces  of  the  elementary  oscillator,  we 
have — 

Y  =  —      -  sin  —(A  —  z)  sin  v  sin  0  cos  6  Sz 
rp         )&h  ^ 


Z  =         sin  jrz^(h  —  z)  sin  v  sin*  6  Sz 
rp         2h^         '        ^ 

a  ==  sm  - ,  (A  —  z)  sm  y  sm  a  & 


.     .     (83) 


To  obtain  the  radiation  of  the  whole  antenna,  we  have  to  integrate 
the  above  expressions  for  the  forces  due  to  an  element,  &,  of  the 
antenna,  along  the  entire  length  of  the  antenna  or  from  0  to  h,  and 
use  these  integral  forces  in  obtaining  by  Poynting's  theorem  the 
total  radiation. 

But  in  so  doing  we  must  bear  in  mind  that  the  earthed  linear 
antenna  having  its  base  on  good  conducting  soil  and  of  height  h  is 
only  equivalent,  as  far  as  radiation  goes,  to  half  of  a  Hertzian 
oscillator.  For  the  electrical  image  of  the  linear  wire  reflected  in 
the  earth  does  not  radiate. 

If  then  we  call  I  the  total  length  of  a  simple  Hertzian  oscillator 
or  dipole  in  which  all  the  capacity  is  at  the  ends,  and  the  current  has 
the  same  value  all  along  the  rod,  and  if  <f>  denotes  the  electric  moment 
or  product  Q/  where  Q  is  the  total  maximum  charge  on  either  capacity, 
we  have  seen  that  the  total  radiation  in  ergs  per  period  is  given  by  the 
expression — 

Hence  the  radiation  from  one-half  of  this  oscillator  is  ^v,    per 

period. 

We  have  then  to  substitute  in  the  last  expression  the  proper 

2/ 
equivalents  for  6  and  A  for  the  linear  oscillator.    Now  Q  =  —  and 

4ihl  u 

I  =  2A.    Hence  ^  =  Qi  =  —  and  A  =    ,  where  p  =  27m  as  usual. 

^  trp  n  ^ 

Accordingly,  the  energy  radiated  in  ergs  per  period  by  the  whole 
linear  antenna  is — 


32A2w//\2 
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where  /  is  the  current  at  the  base  of  the  aotenna  in  electrostatic 

units,  and  n  is  the  frequency  of  the  oscillations. 

If  we  reckon  the  current  in  amperes,  and  denote  it  by  A,  we  have 

A      / 

=-^  ^=  -,  and  the  radiation  per  complete  period  in  ergs  is — 

Hence  the  rate  of  radiation,  or  radiation  per  second  reckoned  in  watts, 

IS — 


=  320|a^    j 


(85) 


In  the  case  of  single  or  multiple  wire  antenna  oscillating  freely  there 
is  a  relation  between  the  radiated  wave  length  A  and  the  antenna 

length  A,  such  that  r  varies  between  0*25  and  about  0*15,  and  may 

approximately  be  expressed  by  the  equation  ^»  =    =  6  X  10*,  or 

o 

hhi^  =  ^.     In  this  case  then — 

QOA 

W=2^A«  =  12-8A« (86) 

If  a  is  the  root-mean-square  value  of  the  current  at  the  base  of  the 
linear  antenna,  then  A^  =  2a',  and  we  have  W  =  25*6^'. 

We  are  therefore  led  to  the  curious  result  that  the  radiation  from 
an  antenna  of  the  above  type  is  independent  of  its  height,  and 
depends  only  upon  the  square  of  the  current  at  the  base  or  into 
the  earth. 

The  formula  (86)  is  quite  consistent  with  that  given  above  (see 
§  13  (75))  for  the  radiation  from  a  Hertzian  linear  oscillator.  It  was 
there  proved,  on  the  assumption  that  the  current  is  the  same  at 
all  points  in  the  oscillator,  that  the  radiation  in  watts  is  given  by  the 
formuhir — 

W  =  407r2  Ja2 (87) 

where  I  is  the  total  length  of  the  Hertzian  oscillator. 

Taking  the  half  of  this  last  expression  (87),  we  have  W  =  207r2^A2 

as  the  radiation  from  a  semi-dipole  or  half-Hertzian  oscillator  of  total 
length  l=z2h. 

In  this  case,  however,  the  current  has  the  same  value  at  all  points 
of  the  length,  whereas  in  the  case  of  the  simple  Hnear  antenna  it 
varies  in  accordance  with  a  simple  sine  law.     To  obtain  from  (87), 
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therefore,  the  radiation  for  a  linear  antenna  or  simple  Marconi  aerial 

wire  of  height  h  and  maximum  current  A  at  the  base,  we  have  to 

2 
substitute  -A  for  A  and  2A  for  I  in  half  the  formula  (87). 

We  then  obtain  the  expression—^ 

W==320^A«       (88) 

which  is  the  same  as  formula  (85). 

The  same  method  may  be  applied  to  find  an  expression  for  the 
radiation  from  a  T-shaped  or  flat-top  antenna,  the  vertical  part  of 
which  has  a  height  A,  and  the  top  or  horizontal  part  such  a  large 
capacity  that  the  current  in  the  vertical  part  is  practically  the  same 
at  all  points.  In  this  case  the  radiation  is  the  same  as  that  from  half 
of  a  simple  dipole  or  Hertzian  oscillator  whose  total  length  is  2A. 

The  radiation  from  half  of  a  Hertzian  oscillator  of  total  length 
2Ai8— 

W  =  207r2^  A2 

=  8(X)^A2  nearly (89) 

This  last  expression  is  therefore  the  total  radiation  from  a  flat-top 
aerial  of  vertical  height  h  when  A  is  the  maximum  current  at 
the  base. 

It  is  best,  however,  to  express  the  current  by  its  root-mean-square 
value,  which  would  be  read  by  a  hot-wire  ammeter  inserted  in  the 
base  of  the  antenna  near  the  earth. 

Let  a  be  this  root-mean-square  (E.M.6.)  value.  Then  2a2  =  A^. 
Hence  we  have  the  following  expressions  for  the  radiation  in  watts 
(W)  from  an  antenna  of  height  h  measured  from  the  ground  to  the 
top,  or  to  a  certain  point  in  it.  The  current  at  the  base  of  the 
antenna  is  a  amperes,  as  read  on  a  hot-wire  ammeter. 

For  a  plain  Marconi  aerial  wire  of  total  height  h — 

W  =  640^^2 (90) 

For  a  flat-top  antenna  with  vertical  part  of  height  h — 

W  =  1600^2a2 (91) 

where  A  is  the  wave  length  of  the  radiation. 

In  the  case  of  an  antenna  of  any  form  the  radiation  in  watts  can 
be  expressed  in  the  form — 

W  =  C^*a2 (92) 

where  C  is  some  constant  lying  between  400  and  1600,  h  is  the 
height  measured  up  to  a  certain  point,  A  is  the  wave  length,  and  a 
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^2 

the  E.M.S.  current  at  the  base.    The  quantity  G^  is  of  the  nature  of 

a  resistancei  and  is  called  the  radiation  resistance  of  the  antenna.  In 
the  case  of  the  plain  single  wire  antenna,  the  ratio  h^/\^  =  0*04,  and 
hence  the  radiation  resistance  is  25*6  ohms.  In  the  case  of  other 
forms  of  antenna,  it  may  fall  to  a  small  fraction  of  an  ohm.  For  a 
flat-top  or  T  antenna  the  constant  C  in  the  above  expression  for  the 
radiation  resistance  is  1600. 

Dr.  Austin  has  given  a  useful  Table,  calculated  by  the  above 
formula,  showing  the  radiation  resistance  in  ohms  for  flat-top  antennaB 
of  various  heights.si 

By  the  aid  of  this  Table  we  can  calculate  at  once  the  radiation  in 
watts  corresponding  to  any  given  antenna  current  at  the  base  of  the 
antenna,  for  it  is  equal  to  the  product  of  this  radiation  resistance  and 
the  mean  square  value  of  the  current,  or  square  of  the  current,  as 
read  on  a  hot-wire  ammeter  inserted  near  the  base  of  the  antenna. 
This  Table  is  in  part  reproduced  below. 

A  Table  of  Antenna  Badiation  Bsbistances  fob  Flat-Top  ob  T.  Antenna. 

h  =  height  of  antenna  to  centre  of  capacity  of  aerial  wire  system  in  feet. 
\  =  wave  length  in  metres. 


A. 

A  =  200  ft. 

=  260  ft 

=  300  ft. 

=  460  ft. 
ohm. 

=  600  ft. 

m. 

ohm. 

ohm. 

ohm. 

ohm. 

600 

16-4 

25-8 

37-4 

84-0 

149*0 

800 

9-2 

14-5 

21-0 

47-0 

84-0 

1000 

60 

9-8 

13-5 

300 

1         640 

1500 

2-6 

41 

60 

18-4 

24-0 

2000 

1-6 

2-8 

8-4 

7-5 

I         18-4 

2500 

0-95 

1-49 

2-2 

4-8 

8-6 

3000 

0-66 

103 

1-5 

3-4 

6-0 

4000 

0-87 

0-58 

0-84 

1-9 

3-4 

5000 

0-24 

0-37 

0-68 

1-2 

j          2-2 

6000 

016 

0-26 

0-37 

0-84 

1          1-49 

7000 

0-12 

0-19 

0-27 

0-61 

109 

•^  See  L.  W.   Austin  on  *<  Badio telegraphy,'*    Journal  of  the   Wctshington 
Academy  of  Sciences,  vol.  1,  No.  7,  November,  1911. 
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In  the  case  of  umbrella  antennsB,  the  height  h  may  be  measured 
from  the  ground  up  to  a  point  halfway  along  the  descending  arms  of 
the  umbrella.82 

This  height  h  may  be  called  the  equivalent  height  of  the  antenna, 
meaning  the  length  of  the  semi-Hertzian  oscillator  or  dipole  to  which 
it  is  equivalent. 

Since  the  image  of  the  antenna  in  the  conducting  ground  does 
not  radiate,  the.  length  I  of  the  Hertzian  dipole,  which  will  radiate 
the  same  amount  of  energy,  is  given  by  the  equation  l^  =  ^*(2A)2  or 

Z  =  AV2. 

There  is,  however,  in  some  cases  an  uncertainty  as  to  how  h 
should  be  measured.  In  the  case  of  ships  the  wireless  cabin  may  be 
'  30  feet  above  the  water  and  enclosed  in  a  steel  hull,  and  the  centre 
of  capacity  of  the  antenna  is  generally  lower  than  the  top  of  the 
vertical  portion  of  it.  In  this  case  h  should  really  be  measured  from 
the  wireless  room  to  just  below  the  top  of  the  vertical  portion  of  the 
antenna.^ 

The  above  formulsB  show  that  the  antenna  radiation  resistance 
should  decrease  as  the  wave  length  increases,  being  inversely  as  the 
square  of  the  wave  length. 

Experimental  work  by  Dr.  Austin  s*  at  the  United  States  Naval 
Badio-telegraphic  Laboratory  have  shown  however,  that  when  an 
earth  connection  is  used  the  above  law  is  not  fulfilled,  but  that  there 
is  a  certain  wave  length  for  which  the 
antenna  radiation  resistance  is  a  mini- 
mum. 

The  experiments  were  made  by  creat- 
ing in  the  antenna  circuit  by  a  buzzer 
oscillations  of  known  frequency  and  mea- 
suring the  resulting  current  by  a  thermo- 
galvanometer.  The  circuits  were  so 
arranged  that  the  antenna-loading  induct- 
ance Li  and  thermo-junction  T  could  be 
switched  over  from  the  antenna  A  and 
earth  to  an  air  condenser  circuit  B,  G2,  L 
with  adjustable  resistance  in  it  which 
could  be  varied  until  the  current  became 
the  same  for  the  two  cases  (see  Fig.  26). 
The  capacity  in  the  air  condenser  circuit 
C2  was  made  equal  to  the  antenna 
capacity.  Hence  the  resistance  B  in- 
troduced into  the  condenser  circuit 
represents  the  total  antenna  resistance, 
and  by  deduction  of  the  true  high  fre- 
quency ohmic  resistance  of  the  antenna  we  obtain  the  antenna 
radiation  resistance. 

It  was  found  that  the  curve   (see  Fig.   27)   representing  the 

**  See  B.  Ruedenberg,  Annalen  der  Physik,  vol.  25,  p.  446  (1908). 

**  See  L.  W.  Austin,  **  A  Ship's  Antenna  m  a  Hertzian  Oscillator/'  Journal 
of  the  WathinqUm  Academy  of  Scierues,  vol.  1,  No.  10,  December,  1911. 

««  See  W.  L  Austin,  "The  Work  of  the  United  States  Naval  Radiotelegraphic 
Laboratorj/'  Journal  of  American  Society  of  Naval  Engineers,  vol.  24,  Feb.,  1912. 
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radiation  resistanoe  in  terms  of  the  wave  length  had  a  minimnm 
ordinate  and  then  rose  rapidly  again.  This  implies  that  there  must 
he  some  additional  source  of  energy  loss  which  increases  with  the 
wave  length  or  diminishes  as  frequency  increases.  It  appears  probahle 
that  this  additional  source  which  thus  comes  in  is  earth  plate  resist- 
ance»  or  else  due  to  small  conductivity  in  neighbouring  bodies.  See 
J.  M.  Millar,  Washington  Bureau  of  ^ndardSy  Bull.  13,  1916. 

Even  when  the  antenna  is  not  earthed  conductively  there  appears 
to  be  an  energy  waste  in  the  earth  around  the  antenna  and  balancing 
capacity  due  to  currents  induced  in  the  earth,  and  this  creates  a 
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-Curves  representing  the  Variation  of  Antenna  Resistance  in  terms 

of  Wave  Lengths  (Austin). 


damping  of  the  oscillations  even  in  the  case  of  antenna  with  insulated 
balancing  capacity  (see  M.  Beich,  Jahrhwh  der  Drahtlosen  Telegraphies 
vol.  v%  p.  176,  1911,  or  Science  Abstracts,  vol.  15b,  1912,  No.  444). 

In  connection  with  antenn»,  it  is  important  to  notice  that  the 
radiated  energy  is  not  sent  out  equally  in  all  directions. 

If  we  describe  round  a  Hertzian  oscillator  a  spherical  surface  of 
radius  r,  large  compared  with  the  length  of  the  oscillator,  then  we 
have  shown  that  the  radiant  energy  sent  out  by  the  oscillator  per 
period,  which  passes  through  the  surface  of  this  sphere,  is  given  by 

the  formula  E  =    ^      ,  where  6  is  the  maximum  electric  moment 

of  the  oscillator  and  A  the  radiated  wave  length. 
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The  energy  sent  out  through  a  zone  of  width  dO  m  time  dt  is 
equal  to — 


^^sm^edeBin^(mr-7if)dt.     .    .    . 


(93) 


(see  equation  (56),  §  9,  Chap.  V.).   Hence  the  energy  sent  out  through 
the  zone  per  period  is  equal  to— 

^Binsedff.l (94) 

Bearing  in  mind  that  m  =  -r-  and  n  =  7=-,  and  that  the  area  of  the 

zone  is  2irr^  sin  6  dB,  it  is  easily  seen  that  the  energy  radiated  per 
period  through  each  such  elementary  zone  is  expressed  by — 


^  sins  B  dB 


(95) 


Accordingly  there  is  no  energy  radiated  in  the  direction  of  the 
antenna  itself^  and  it  is  a  maximum  in  the  equatorial  plane. 

If  we  plot  out  a  curve  such  that  its  radii  vectors  drawn  from  a 
point  are  proportional  to  sinS  0,  where  6  is  the  colatitude  angle,  we 
obtain  a  curve  having  the  shape  shown  in  Fig.  28,  which  may  be 


i^oob 


Fig.  28. 


called  a  radiation  curve.  A  curve  of  this  kind  was  first  given  by 
Professor  A.  Blondel  in  1903.36  The  numbers  on  the  radii  are  the 
cubes  of  the  sines  of  the  angles  0  taken  from  the  Table  below. 


B. 

Sin  B. 

8IO2  0. 

Sin'  #. 

0 

00 

0-0 

0-0 

10 

0178 

0-08 

0-006 

20 

0-842 

0-117 

0-040 

80 

0-500 

0-25 

0-125 

40 

0-643 

0-418 

0-266 

50 

0-766 

0-587 

0-449 

60 

0-866 

0-749 

0-649 

70 

0-939 

0-882 

0-828 

80 

0-985 

0-970 

0-955 

90 

1000 

1000 

1000 

**  In  a  paper  entitled,  "  Quelques  Remarques  stir  lea  Effets  des  Antennes  de 
Transmission/'  at  the  meeting  of  the  French  Association  for  the  Advancement  of 
Science  at  Angers  in  1909, 
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Now,  the  sorfarce  of  the  enclosing  sphere  is  ^irr^f  and  hence  the 
mean  spherical  energy  radiated  per  period  is  given  by— 

47rr2       3r2A»      \ ^  ^ 

This  corresponds  to  the  mean  spherical  candle-power  of  an  arc  lamp. 
This  energy  is  not,  moreover,  radiated  equally  in  all  directions. 
If  we  divide  the  surface  of  the  sphere  into  narrow  zones,  bounded  by 
lines  of  latitude  having  angular  distances  or  colatitudes  6  and  6  -^dO 
respectively,  we  have  seen  that  the  energy  passing  through  each  such 
zone  per  period  is  given  by  equation  (66).  Accordingly,  the  radia- 
tion per  square  unit  of  area  for  each  zone  is  obtained  by  dividing 

-^ —  sin8  dddhy  the  area  of  the  zone  =  2Trr^  sin  0  dd,  and  is  therefore 

equal  to — 

^Bin^e (97) 

Since  the  mean  value  of  sin^  6  for  uniform  distribution  over  a  sphere 

2 
is  Q,  the  formula  (97)  agrees  with  (96),  viz.  that  for  the  mean  spherical 

energy  radiation. 

If  in  (97)  we  put  0  =  90°,  we  find  the  mean  horizontal  energy 

radiation  per  period  per  unit  of  surface  to  be    ^<f- 

.  It  is  seen,  therefore,  that  the  mean  horizontal  energy  radiation 
which  passes  through  unit  of  area  of  the  sphere  per  period  in  the 
equatorial  plane  is  equal  to  1*5  times  the  mean  spherical  energy 
radiation  per  period  per  unit  of  area. 

Accordingly,  in  considering  the  energy  available  for  absorption  by 
the  receiving  antenna,  we  have  to  deal  with  this  horizontal  radiation 
density,  and  not  with  the  mean  spherical  radiation  density  as  many 
writers  have  done. 

It  is  therefore  a  peculiarly  valuable  quality  of  the  linear  antenna, 
or  earthed  vertical  antenna  as  used  in  radiotelegraphy,  that  it  sends 
out  its  energy  chiefly  in  the  direction  in  which  it  is  desired  to  be 
sent  out,  viz.  along  the  surface  of  the  earth,  and  not  up  into  the  sky 
or  equally  all  round  the  hemisphere.  Professor  Blondel  pointed  out 
in  1903  {loc,  cit.)  that  this  quaUty  of  vertical  antenna,  however,  renders 
it  incapable  of  communicating  with  a  baUoon  nearly  overhead,  and 
hmits  very  much  the  power  of  such  an  antenna  to  rsi^diate  usefully  to 
a  receiving  station  on  any  aerial  vessel  overhead  or  high  up  above 
the  horizon. 
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CHAPTER  VI 

DETECTION  AND  MEASUREMENT   OF  ELECTRIC   WAVES 

1.  Appliances  for  detecting  Electric  Waves. — When  the  length 
of  electric  waves  falls  within  a  certain  limited  range,  they  are  able 
to  affect  directly  organs  of  sensation  with  which  we  are  provided. 
Thus,  if  their  wave  length  is  anything  between  0*43/^  and  0'75/x 
(where  /x  denotes  1  micron  or  O'OOl  of  a  miUimetre)  they  affect  the 
retina  of  the  normal  human  eye  and  produce  the  sensation  of  light, 
the  wave  length  determining  the  sensation  of  colour  which  we 
experience.  This  range  of  wave  lengths  barely  covers  one  octave 
of  radiation. 

If  the  waves  are  sufficiently  strong  and  have  wave  lengths  rather 
greater  than  about  0'5/x,  they  produce  a  sensation  of  heat  when  falling 
upon  the  skin.  It  is  not  yet  known  precisely  how  far  down  the 
gamut  of  electric  waves  this  power  extends,  but  it  is  certain  that 
when  the  waves  have  a  wave  length  of  even  a  few  millimetres  they 
excite  no  sensation  of  heat  when  falling  upon  the  human  skin.  Hence 
we  may  say  that  electric  waves  of  the  length  with  which  we  are 
chiefly  concerned  in  this  treatise  do  not  directly  affect  any  of  our 
bodily  organs.  If,  then,  we  are  to  detect  their  presence,  it  can  only 
be  in  virtue  of  some  change  or  action  which  they  produce  upon 
material  substances  or  some  device  or  apparatus  arranged  for  this 
purpose.^ 

All  devices  for  detecting  electric  waves  of  wave  length  too  long  to 
affect  our  eyes  or  nerves  as  light  or  heat  is,  in  fact,  instruments  for 
detecting  high  frequency  currents  or  high  frequency  oscillations  of 
potential.  To  make  them  effective  as  wave  detecting  appliances,  they 
have  to  be  associated  with  a  collecting  wire  called  an  antenna,  or 
serial  wire,  placed  in  the  path  of  the  wave. 

As  the  wave  sweeps  across  this  wire,  the  fluctuating  electric  and 
magnetic  force  which  constitute  it,  create  in  the  wire  high  frequency 
currents,  provided  that  wire  forms  part  of  a  circuit  suitably  tuned  to 
the  length  of  the  wave»  or  at  least  approximately  in  resonance  with  it. 
The  wave-detecting  device  tells  us  whether  feeble  electric  oscillations 
are  set  up  in  this  wire,  or  feeble  oscillations  of  potential  generated 
across  any  capacity  in  it. 

Boughly  speaking,  we  may  classify  the  devices  that  have  been 
used  as  oscillation  detectors  into  the  following  groups : — 

1.  Spark  detectors.  « 

2.  Contact  detectors,  or  coherers 

^  Golleotively  these  devioes  may  be  termed  cymoscopes,  from  jru/ia,  a  wave. 
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3.  Magnetic  detectors. 

4.  Electrolytic  detectors. 

5.  Thermal  detectors. 

6.  Bectifying  crystal,  or  contact  detectors. 

7.  Thermionic  detectors. 

8.  Physiological  detectors. 

The  above  classification  is  not  exhaustive,  but  it  is  sufficient  for 
the  present  purposes  of  description.  Examples  of  each  of  these  types 
will  be  briefly  described. 

2.  Spark  DetectoPS. — If  a  pair  of  metal  wires  or  strips  of  tinfoil 
attached  to  a  glass  plate  are  placed  in  line  with  each  other,  and  their 
inner  ends  terminated  in  spark  balls  or  sharp  points  placed  dose 
together,  we  have  an  apphance  ^with\whichj  some  adjustment  will 
detect  the  presence  of  strong  electric  waves. 

If  the  rods  or  strips  are  so  placed  that  when  the  electric  wave 
traverses  them  the  electric  force  is  parallel  to  the  rods,  then  these 
metal  conductors  integrate  or  add  up  the  electric  force  existing  all 
along  their  direction  at  any  one  instant,  and  the  ends  in  opposition 
are  at  a  difference  of  potential  which  depends  on  the  length  of  the 
rods  and  the  strength  of  the  waves.    As  the  rods  have  capacity  with 


HooH 

Fio.  1.>-Sli(liiig  Bod  Spark  Oymoscope  adjustable  as  to  Time-period. 

respect  to  each  other,  and  also  inductance  depending  on  their  length, 
they  have  a  certain  natural  time  period  of  oscillation. 

If  this  is  adjusted  by  shortening  or  lengthening  the  rods  so  as  to 
agree  with  that  of  the  incident  wave,  then  resonance  will  come  into 
play  to  increase  the  potential' difiference  between  them  when  a  wave 
train  sweeps  over  the  rods  having  the  same  time  period.  Such 
resonant  rods  may  be  made  by  making  one  or  more  tubes  fitting 
telescopically  into  each  other  so  as  to  oe  lengthened  or  shortened 
VTithin  limits,  the  ends  in  apposition  being  provided  with  small  spark 
balls  capable  of  having  their  distance  from  each  other  adjusted  by  a 
screw  (see  Pig.  1). 

These  rods  of  adjustable  length  may  be  carried  on  an  insulating 
fixture.  When  held  with  the  rods  parallel  to  the  electric  force  com- 
ponent of  an  electric  wave,  minute  electric  sparks  will  make  their 
appearance  at  the  spark  balls  if  these  are  sufficiently  near  together. 

The  arrangement  can,  however,  only  detect  the  presence  of  rela- 
tively powerful  electric  waves.  In  order  to  make  any  visible  spark  in 
air  between  balls,  however  near,  but  not  in  contact,  there  must  be  a 
certain  maximum  potential  difiference,  which  for  air  at  normal  pressure 
is  not  far  from  300  volts. 

This  was  shown  particularly  by  experiments  made  in  the  Caven- 
dish Laboratory,  Cambridge,  by  Mr.  Peace.^  Sir  J.  J.  Thomson 
observes  that  in  this  respect  gases  resemble  electrolytes,  in  that  a 

*  See  **  Becent  Researohes  in  Electricity  and  Magnetism,"  J.  J.  Thomson, 
p.  89. 
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certain  definite  difference  of  potential  between  the  electrodes  has  to 
be  exceeded  before  any  ciirrent  or  discharge  will  pass.  No  matter, 
therefore,  how  near  the  sjMM^k  balls  may  be  placed,  the  electric  force 
in  the  interspace,  and  along  the  region  occupied  by  the  rods,  must 
be  such  that  there  is  a  difference  of  potential  between  the  rods  equal 
to  300  volts,  or  to  1  electrostatic  unit  of  potential  difference,  at  least 
if  a  visible  spark  is  to  occur. 

The  spark  detector  can,  therefore,  never  be  a  very  sensitive 
instrument. 

Hertz's  ring  resonator  with  micrometer  spark  gap  belongs  to  the 
same  category  and  suffers  under  the  same  limitations.  In  fact,  con- 
sidering its  comparative  insensibility,  it  is  marvellous  that  Hertz  was 
able  to  accomplish  with  it  all  that  he  did. 

There  are,  however,  some  occasions  when  a  somewhat  insensitive 
wave  detector  is  needed,  and  in  these  cases  a  spark  detector  is  useful. 
Since  the  spark  length  correspond^  to  the  maximum  potential  difference 
of  the  electrodes  between  which'occurs,  it  follows  that  the  maximum 
spark  length  which  can  be  obtained,  other  things  remaining  the  same, 
j&  a  measure  of  the  maximum  value  of  the  wave  amplitude  during  the 
passage  of  the  wave  train. 

The  spark  detector,  though  not  very  sensitive,  has  accordingly 
some  valuable  qualities.  We  can  by  it  determine  approximately,  the 
direction  of-  the  electric  force  in  the  wave — in  other  words,  its  plane 
of  polarization — since  it  gives  its  maximum  indication  when  the  rods 
are  placed  parallel  to  the  direction  of  that  force.  We  can  also  roughly 
determine  comparative  maximum  wave  amplitudes,  since,  other  things 
being  equal,  the  wave  with  greatest  maximum  amplitude  will  create 
the  longest  spark. 

8.  Contact  Deteotops  or  Coherers. — ^The  electric' wave  detecting 
device,  commonly  known  as  a  coherer,  has  been  the  subject  of  much 
research.  Many  experimentalists  in  past  years  noticed  that  powdered 
metals  or  conducting  substances  in  a  state  of  fine  division,  or  mixtures 
of  metallic  particles  and  other  semi-conducting  substances,  were 
practically  non-conductors  under  small  electromotive  forces  when 
the  mass  was  loosely  compressed,  but  suddenly  became  possessed 
of  good  conductivity  when  a  large  electromotive  force  was  applied 
to  it. 

Dr.  K  E.  Guthe  traces  this  knowledge  as  far  back  as  1835,  to 
Munk  of  Bosenschoeld,  who  clearly  descrioed  the  permanent  increase 
in  the  electric  conductivity  of  a  mixture  of  tin  filings,  carbon,  and 
other  conductors  resulting  irom  the  passage  through  it  of  the  discharge 
of  a  Leyden  jar.^ 

In  1852  the  high  resistance  of  a  mass  of  loose  metallic  powder 
was  observed  by  S.  A.  Yarley,  and  it  is  said  that  four  years  later  he 
had  noticed  a  remarkable  fall  in  the  resistance  of  such  material 
during  a  thunderstorm.^ 

In  a  British  Patent  Specification  (No.  165  of  1866),  0.  and  S.  A. 
Yarley  described  a  device  for  protecting  telegraphic  instruments  from 

*  See  paper  read  before  the  St  Louis  International  Eleo1>rical  Congress,  190i, 
by  K.  E.  Gnthe,  on  "  Coherer  Action  " ;  see  also  The  Electrician,  1904,  vol.  54, 
p.  92. 

*  See  The  Electrician  (Leader),  vol.  40,  p.  86. 
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lightning,  which  consisted  of  two  copper  points,  nearly  touching  each 
other,  set  in  a  small  hox  filled  with  powdered  carhon.  They  say 
that  the  box  may  or  may  not  be  exlmusted  of  its  air.  Also  they 
observe  that  ''powdered  conducting  matter  offers  great  resistance 
to  a  current  of  moderate  tension,  but  offers  httle  resistance  to  a 
current  of  high  tension." 

This  observation,  however,  did  not  attract  the  attention  it  deserved. 
In  1878  Professor  D.  E.  Hughes  was  engaged  on  researches  on  the 
microphone,  and  in  some  of  his  experiments  he  employed  a  tube  of 
glass,  filled  loosely  with  filings  of  zinc  and  silver,  placed  in  series 
with  a  telephone  and  a  single  voltaic  cell.^  He  appears  to  have  dis- 
covered the  important  fact  that  such  a  tube,  when  so  used,  was  sen- 
sitive to  electric  sparks  at  a  distance  as  indicated  by  its  sudden 
changes  of  conductivity.  He  subsequently  stated  that  in  these 
experiments  he  used  a  carbon-steel  microphone  which  also  proved  to 
be  very  sensitive  to  an  electric  spark.  He  showed  these  experiments 
privately  at  the  time  to  many  scientific  friends,  but  was  discouraged 
from  pubUshing  the  results,  and  it  was  not  until  twenty  years  after- 
wards that  he  pubhcly  mentioned  them.<^  Meanwhile,  the  same  facts 
had  come  to  the  notice  of  other  observers.  In  Italy,  Professor  T. 
Calzecchi-Onesti  made  experiments  on  the  changes  in  electric  con- 
ductivity of  metallic  powders,  loosely  aggregated,  imder  the  action 
of  various  electromotive  forces.  These  he  described  in  the  ItaUan 
journal,  //  Nuovo  Gimento,  1884,  vol.  16,  p.  68,  and  1885,  vol.  17,  p.  35, 
also  in  the  Journal  de  Physique,  1886,  vol.  5,  p.  673. 

He  did  not,  however,  carry  knowledge  much  beyond  the  point  at. 
which  it  was  left  by  the  brothers  Varley,  viz.  that  whereas  loosely 
compressed  metallic  filings  constitute  a  poor  electrical  conductor 
under  low  electromotive  forces,  yet  under  the  operation  of  the  high 
electromotive  forces  such  as  that  of  an  induction  coil  the  conductivity 
is  remarkably  increased.  These  observations,  moreover,  attracted  at 
the  time  no  particular  attention. 

In  1890,  Professor  E.  Branly,  of  Paris,  published  an  account  of 
a  very  extensive  series  of  observations  on  the  same  subject.  Whilst 
confirming  the  work  of  previous  observers,  he  added  much  new 
knowledge.^  He  made  the  extremely  important  and  novel  obser- 
vation that  an  electric  spark  at  a  distance  had  the  power  of  suddenly 
changing  the  electric  conductivity  of  loose  masses  of  powdered  con- 
ductors. In  some  cases  he  observed  that  this  change  was  an  increase 
in  conductivity,  and  in 'other  cases  a  decrease.  The  majority  of 
common  metals  exhibit  the  increase  in  conductivity,  but  the  contact 
between  lead  and  peroxide  of  lead  becomes  less  conductive.  To  Pro- 
fessor Branly  belongs  the  honour  of  giving  to  science  a  new  weapon 
in- the  shape  of  a  tube  or  box  containing  metallic  filings  rather  loosely 
packed  between  metal  plugs  (see  Fig.  2). 

■  See  D.  E.  Hughes,  Proc.  Boy.  Soc,  Land.,  May  9,  1878,  vol.  27,  p.  36. 

*  See  a  remarkable  letter  from  Prof.  Hughes  in  The  Electrician  of  May  5, 1899, 
vol.  48,  p.  40.  An  epitome  of  these  important  experiments  made  in  1879-1886  by 
Hughes  is  given  in  Fahie's  *' History  of  Wireless  Telegraphy,"  p.  296.  For  a 
further  reference  to  Hughes'  work,  see  Chap.  VII.  §  1,  of  this  treatise. 

7  See  E.  Branly,  CompUs  Bendus,  1890,  vol.  Ill,  p.  785;  also  1891,  vol.  112, 
p.  90;  or  La  Lumiire  Electrique,  1891,  vol.  40,  pp.  801,  506;  or  The  Electrician, 
1891.  vol.  27,  pp.  221,  448. 
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He  showed  that  such  a  tube  may  be  a  conductor  of  very  high 
resistance  when  the  metallic  filings  are  loosely  arranged,  but  that  if 
a  discharge  from  a  Leyden  jar 
or  other  electric  spark  >vas 
made  in  its  vicinity,  the  con- 
ductivity of  the  metallic  pow- 
der was  suddenly  increased. 
He  detected  this  change  by 
connecting  a  galvanometer  ^2-  2.— Branly  Metallic  FUingB  Tube  or 
and  sinfflA  «a11  in  RArift«  with  Cymoeoope.  B,  tube  of  inBuUting  ma- 
and  single  cell  in  senes  \^to  Serial;  P,  P,  metal  plugs;  M,  mltallio 
the  tube,  and  adjustmg  the  filingg  loosely  packed, 
pressure  on  the  powder  until 

no  current  would  pass  through  it.  Under  the  influence  of  a  spark 
at  a  distance,  the  galvanometer  needle  then  made  a  sudden  deflection, 
showing  the  acquirement  of  conductivity  by  the  mass  of  metallic 
filings. 

Branly  also  found  that  the  same  effect  occurred  in  the  case  of 
two  sUghtly  oxidized  steel  or  copper  wires  laid  across  each  other 
with  light  pressure.  This  loose  or  ''  imperfect  contact "  was  found 
by  him  to  be  extraordinarily  sensitive  to  a  distant  electric  spark, 
dropping  in  resistance  from  some  thousands  of  ohms  to  a  few  ohms, 
when  an  electric  spark  was  made  many  3rards  away. 

Branly's  work  did  not,  however,  secure  the  notice  it  demanded 
until  1892,  when  Dr.  Dawson  Turner  described  Branly's  experiments 
at  a  meeting  of  the  British  Association  in  Edinburgh,  and  his  own 
additions  to  them.^ 

Dr.  Dawson  Tamer's  paper  raised  a  discussion  on  the  subject, 
and  drew  from  Professor  George  Forbes  an  important  question.  He 
asked  whether  it  was  not  possible  that  Hertz  waves  might  in  a 
similar  manner  break  down  the  resistance  of  a  tube  oi  loose  metallic 
filings.  This  question  showed  that  the  real  cause  of  the  phenomena 
noted  by  Branly  had  not  yet  been  fully  comprehended,  and  even 
then  its  importance  was  not  appreciated.  In  the  following  year  Mr. 
W.  B.  Croft  exhibited  Branly's  experiments  at  a  meeting  of  the 
Physical  Society  in  London,  and  re«ul  a  short  paper  on  the  action 
of  electric  radiation  on  copper  filings.^  He  exhibited  a  glass  tube 
containing  copper  filings  joined  in  series  with  a  galvanometer  and  a 
battery.  When  the  filings  were  loosely  arranged  no  current  passed, 
but  immediately  an  electric  spark  was  made  by  an  electrical  machine 
at  a  little  distance,  the  galvanometer  was  deflected,  and  remained 
deflected  until  the  tube  was  tapped.  He  stated  that  he  had  tried 
different  kinds  of  metallic  filings.  Aluminium  and  copper  he  found 
equally  good,  but  iron  not  so  good,  and  vnth  carbon  he  obtained  no 
effect  at  all.  These  facts  themselves  had  already  been  observed  by 
Branly,  but  the  advance  appeared  to  be  a  more  definite  recognition 
of  the  cause  of  the  phenomena  to  be  electric  radiation  falling  on  the 
tube.  In  this  discussion  Professor  Minchin  distinctly  said  the  change 
was  due  to  electric  radiation,  and  not  to  the  light  of  the  spark.  He 
stated  that  he  had  found  his  impulsion  cells  to  be  rendered  sensitive 

*  See  Dr.  Dawson  Turner,  The  Electrician,  1892,  vol.  29,  p.  482,  "  Experiments 
on  the  Electrical  Resistance  of  Powdered  Metals." 

»  See  W.  B.  Croft,  Proc.  Phys.  Soc,  Lond,,  vol.  xii.  p.  421. 
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to  light  by  an  electric  spark  140  feet  away.  Mr.  Croft  called  attention 
to  the  fact  that  the  filings  tube  passed  into  a  conductive  state  hefwe 
the  actual  spark  passed  when  the  static  electrical  machine  was  set  in 
motion. 

This  paper  was  followed  shortly  after  by  another  by  Professor 
G.  M.  Minchin,  entitled  ''The  Action  of  Electromagnetic  Eadiation 
on  Films  containing  Metallic  Powders."  lo  He  exhibited  films  of 
gelatine  and  collodion,  impregnated  with  metallic  powders.  These 
were  inserted  in  the  circuit  of  a  battery  and  galvanometer.  He  found 
that  contact  with  an  electrified  body  rendered  the  film  conductive. 
In  this  paper  Professor  Minchin  made  defijiite  reference  to  the 
Branly  tube,  and  says  that ''  the  waves  sent  out  from  the  spark  at 
once  render  the  column  (of  metallic  filings)  a  conductor."  ' 

It  is  clear,  therefore,  that  at  the  end  of  1893  a  few  physicists, 
pre-eminently  Professor  Minchin,  had  clearly  recognized  that  the 
action  discovered  by  Branly  had  its  origin  in  electric  waves  sent  out 
from  the  spark. 

This  paper  of  Professor  Minchin  was  followed  by  another  from 
Sir  Oliver  Lodge,  entitled  "  On  the  Sudden  Acquisition  of  Conduct- 
ing Power  by  a  Series  of  Discrete  Particles."  ii  In  this  paper  he 
alludes  to  an  observation  he  had  frequently  made  in  connection  with 
his  experiment  of  the  S3mtonic  Leyden  jars,  viz.  that  if  the  two 
metal  knobs  of  the  receiver  were  very  close  together,  a  battery  and 
electric  bell  being  in  circuit,  the  occurrence  of  an  electric  oscillation 
in  the  circuit  caused  the  knobs  to  come  into  good  contact  and  made 
the  electric  bell  ring.  Four  years  previously,  in  1889,  Lodge  had 
noticed  that  the  passage  of  a  spark  between  two  metal  plates  in 
microphonic  or  imperfect  contact  caused  them  to  weld  together  and 
make  good  contact.  There  is,  however,  no  clear  proof  that  at  this 
date  (1889)  Lodge  had  recognized  that  this  action  could  be  produced 
by  electric  radiation  alone. 

In  June,  1894,  Lodge  gave  a  lecture  at  the  Boyal  Institution, 
entitled  "  The  Work  of  Hertz."  In  this  lecture  he  described  the 
Branly  tube,  and  showed  an  instrument  in  which  a  light  microphonic 
or  imperfect  electrical  contact  was  made  a  good  conducting  one  by 
the  impact  on  it  of  electric  waves.  He  also  employed  a  tube  loosely 
full  of  iron  borings  closed  at  the  ends  with  metallic  plugs,  and  this 
in  the  same  manner  exhibited  improved  conductivity  when  electric 
radiation  fell  upon  it.  Lodge  then  *  gave  the  name  coherer  to  any 
device  in  which  a  loose  or  imperfectly  conducting  contact  between 
pieces  of  metal  was  improved  in  conductivity  by  the  impact  on  it  of 
electric  radiation.     This  lecture  was  the  means  of  drawing  attention 

i<»  See  Prof.  Minchin,  Froc,  Phys.  8oc.  Land.,  November  24, 1898,  vol.  xii.  p. 
456.  Also  Phil,  Mag.,  January,  1894,  vol.  87,  p.  90.  A  paper  by  Prot  Minchin 
will  also  be  found  in  The  Electrician,  November  27, 1891,  vol.  28,  p.  85,  on  the 
"  Detection  of  Electromagnetic  Disturbances  at  Great  Distances,"  in  which  he 
describes  a  form  of  ceU,  consisting  of  pieces  of  tinfoil  specially  prepared,  plaoed 
in  methyl  alcohol,  which  generate  an  E.M.F.  when  exposed  to  ught.  It  can  be 
rendered  insensitive  by  small  shocks.  When  in  this  insensitive  condition,  Prof. 
Minchin  found  that  the  cell  again  became  sensitive  to  light  by  the  action  of  an 
electric  gpark  at  a  distance. 

11  See  Proc.  Phys.  Soc.  Lond.,  1898,  vol.  xii.  p.  461.  See  also  PhU.  Mag., 
January,  1894,  vol.  37,  p.  24. 
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strongly  to  the  disooyeries  of  Branly,  and  to  the  fact  that  a  new  and 

highly   sensitive  means  of   detecting  electric  radiation    had  been 
evolved.12 

In  the  next  year  or  two  no  very  notable  improvement  took  place 
in  the  construction  of  the  coherer.  In  the  form  in  which  it  was  used 
by  Lodge  in  1894,  the  coherer  consisted  of  a  glass  tube  about  1  cm. 
or  less  in  diameter,  and  6  or  8  cms.  in  length,  filled  loosely  with 
coarse  filings  or  borings  of  iron  or  other  metal  contained  between 
two  metal  plugs  (see  fHg.  3).  Brass  borings  were  tried,  and  various 
other  metals,  and  the  tube  filled  with  air,  hydrogen,  or  even  exhausted. 
Lodge  experimented  with  various  forms  of  Hght  contact  between 
plates  and  points,  such  as  a  steel  sewing-needle  lightly  resting  on 
an  aluminium  plate,  and  with  slightly  oxidized  steel  rods  lightly 
resting  on  each  other. 

The  apphance  in  the  above  described  forms  was  generally  found 
to  be  a  somewhat  capricious  instrument  to  use ;  in  some  conditions 

fi  n 
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FiQ.  8. — Lodge  Goherer  or  Electric  Wave  Detector. 

highly  sensitive  to  distant  electric  sparks,  and  then  without  apparent 
reason  becoming  far  less  sensitive.  It  had  in  general  been  found 
that  the  metals  most  suitable  were  those  which  were  slightly  but  not 
very  oxidizable.  Iron,  steel,  nickel,  copper,  or  zinc  filings  or  borings 
worked  fairly  well,  but  coherers  made  with  gold,  silver,  platinum,  or 
noble  metals  proved  more  difiicult  to  handle. 

Meanwhile,  in  1894  and  1895,  G.  Marconi  began  his  work  in 
Italy,  and  turned  his  attention  to  the  improvement  of  Branly's 
coherer.  He  carefully  investigated  the  relative  advantages  of  the 
various  metals  in  regard  to  their  suitability  for  making  a  metallic 
filings  coherer,  and  he  modified  the  form  and  size  of  the  tube. 
Whereas  others  had  used  rather  large  tubes,  filled  with  somewhat 
coarse  filings  or  borings,  he  adopted  a  much  smaller  size  of  glass 
tube  13  (see  Fig.  4),  about  3  or  4  cms.  long  and  about  5  mm.  internal 
diameter.  He  placed  in  this  two  silver  plugs  fitting  the  tube  tightly, 
and  attached  to  these  platinum  wires  which  were  sealed  through  the 
glass.  The  ends  of  these  plugs  were  polished  and  slightly  amalga- 
mated with  mercury.  The  ends  of  the  plugs  were  brought  within 
a  couple  of  millimetres  of  each  other.    The  interspace  was  about 

I*  See  Proceedings  of  the  Boyal  Inalitution,  1894,  vol.  xiv.  p.  821 ;  also  The 
Electrician,  1894,  vol.  38,  pp.  158,  186,  204.  Lodge  repablighed  his  1894  Boyal 
Institution  lecture  as  a  book,  the  first  edition  bearing  the  title  "  The  Work  of 
Hertz  and  Some  of  his  Successors.'*  A  second  edition  appeared  in  1897|  under  the 
modified  title,  **  Signalling  across  Space  without  Wires." 

^*  See  British  Patent  Specification  of  G.  Marconi,  No.  12,089,  of  June  2, 1896. 
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half  filled  with  a  small  quantity  of  nickel  and  silver  filings,  95  per 
cent,  nickel,  and  5  per  cent,  silver,  carefully  sifted  so  as  to  be  of  a 
certain  degree  of  fineness.  The  glass  tube  was  then  exhausted  and 
sealed.  Subsequently  he  bevelled  the  edges  of  the  silver  plugs  so  as 
to  make  the  interspace  wedge-shaped.  So  improved  and  carefully 
made,  the  Marconi  coherer  proved  to  be  a  most  sensitive  electric 
wave-detecting  device  or  cymoscope,  far  more  certain  in  its  action 
than  anything  which  had  previously  been  designed. 

Marconi  then  proceeded  to  invent  the  devices  for  employing  his 
sensitive  tube  as  a  relay  upon  a  relay  in  a  telegraphic  instrument,  and 
to  use  it  for  conducting  wireless  telegraphy  in  the  manner  described 
in   the  next  chapter.     The  news  of  his  success  in  this  important 

8 


Fia.  4.— Marooni  Sensitive  Tube  or  Gjmosoope.  {Fidl  sise.)  A,  B,  glass  tube 
exhausted ;  T,  T,  platinum  terminal  wires ;  P,  P,  silver  bevelled  plugs ;  8, 
side  tube  for  exhaustion. 

« 
practical  application  caused  widesprecbd  interest  in  the  subject  of 
coherers. 

Branly  reasserted  his  claim  to  be  the  inventor  of  the  metallic 
filings  coherer,  but  he  seems  to  have  underrated  the  importance  of 
Marconi's  improvements.^^  Jjodge,  about  this  time,  wrote  a  paper 
on  the  *'  History  of  the  Coherer  Principle,"  i&  in  which  he  described 
his  own  discoveries  and  those  of  others  leading  up  to  Marconi's  work. 
In  January,  1896,  Professor  A.  S.  Popoff,  of  Gronstadt,  Russia,  com- 
municated a  paper  to  the  JourtuU  of  the  Russian  Physical  and  Chemical 
Society,  in  which  he  described  certain  experiments  made  with  a 
metallic  filings  coherer.^^^  He  made  his  sensitive  tube  of  glass  with 
two  platinum  leaves  down  opposite  sides,  the  interspace  being  loosely 
filled  with  iron  filings  (see  Fig.  5). 

Popo£f  combined  with  this  tube  an  arrangement  for  automatically 
tapping  back  the  filings  to  a  sensitive  condition.  As  already  stated, 
Branly  observed  that  after  the  loose  aggregations  of  imperfectly  con- 
ducting metallic  filings  had  been  exposed  to  an  electric  spark  and 
rendered  thereby  conductive,  a  slight  tap  or  mechanical  shock  brought 

**  See  E.  Branly,  *'  On  the  Electrical  Conductivity  of  Discontinuous  Conduct- 
ing Substances,"  Camples  Bendus,  December  6, 1897,  vol.  125,  p.  939 ;  also  The 
Electrician,  1897,  vol.  40,  p.  338. 

"  See  The  Electrician,  1897,  vol.  40,  p.  87. 

^*  Journal  of  the  Russian  Physical  and  Chemical  Society,  January,  1896, 
vol.  28. 
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them  back  again  into  the  high  resistance  or  non-condaotive  oondJtion.^^ 
Lodge  had  also  Doticod  that  when  two  brass  knobs  in  niicFophonic 
contact  had  been  caused  to  cohere  by  the  passage  of  a  small  spark 
between  them,  the  contact  was  destroyed  by  a  slight  mechanical 
shock. 


Fia.  5. — Popofl's  Ooherer. 

Lodge  had  found  that  if  a  battery  and  electric  bell  were  connected 
between  the  knobs  and  placed  on  the  same  stand,  the  mere  mechanical 
vibration  of  the  bell  when  the  circuit  was  completed  was  sufficient 
to  destroy  the  ligbt  contact  of  the  tniobs.  When  he  subsequently 
came  to  employ  the  metallic  filings  coherer  of  Branly  as  an  electric 
wave  detector,  be  arranged  a  "clockwork  tapper  consisting  of  a 
rotating  spoke  wheel  driven  by  the  clockwork  of  a  Morse  instrument, 


Am  » tht  Shclr&lu.' 
Fia.  6. — Lodgo'B  Arnngenient  tor  tupping  book  liis  Coherer  Tube  to  W»Te 
SeuBitiveness  by  means  ol  a  Clocknotk-driven  Tappet. 

and  giving  to  the  filings  tube  or  to  a  coherer  a  series  of  jerks  at  regular 
intervals"  is  (see  Fig.  6).   He  states,  however  (/(W.  C(f.),  tbat"  an  electric 

"  Sen  a  paper  bj'  E.  Branly  in  La  Ltlmifre  Electriqite,  Maj  16,  1S91,  tcaas- 
lated  in  The  EUctrician,  1891,  vol.  27,  pp.  231,  4*8.  The  restoration  of  non- 
condactiTity  by  a  tap  or  iihock  is  particularly  mentioned.  Also  it  ie  mentioned  in 
the  paper  read  by  Dr.  Dawgon  Turner  to  the  British  AHSociation  at  Edinburgh,  in 
AugUBt,  1B99  '  see  The  EUctrician,  1893,  vol  29.  p.  432. 

"  SeeO.  J.  Lodge,  "  On  the  History  ot  the  Coherat  Principle,"  rft<£2«riri5ion, 
18ST,  vol.  40,  p.  9(X  See  also  The  Eleclrician,  vol.  39,  p.  687,  lor  a  photograpb  of 
this  mschanical  tapper,  m  eibibited  at  a  meeting  of  the  British  Association  at 
Oxford,  in  1397. 
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» 

bell  mounted  on  the  base  of  the  filings  tube  was  not  found  very  satis- 
faotory,  because  of  the  disturbances  caused  by  the  little  sparks  at  its 
contact  breaker  to  which  the  previous  coarser  knob  arrangement  had 
failed  to  respond." 

Popofif,  however,  arranged  an  electric  bell  so  that  the  hammer  was 
made  to  tap  the  coherer  tube  lightly  and  administer  to  it  the  small 
shock  required  to  make  the  filings  cohere. 

Popoff  employed  his  filings  tube  to  close  the  circuit  of  a  tele- 
graphic relay,  and  this,  in  turn,  when  actuated,  set  the  electric  bell 
in  operation  so  that  its  hammer  struck  the  coherer  tube  ^^  (see  !Fig.  7). 


Fia.  7. — PopofI*8  Eleotromagnetio  Tapper  for  tapping  back  the  Metallio  Filings 
Tube  to  Wave  SenBitiveness.  Tj  coherer;  H,  relay;  £,  electromagnetic 
tapper ;  6,  battery ;  G,  gong. 

The  purpose  which  Popofif  had  in  view  was  to  study  the  phenomena 
of  atmospheric  electricity,  and  he  employed  the  Branly  filings  tube 
as  a  means  of  detecting  and  making  records  of  atmospheric  electrical 
discharges  at  a  distance.  He  states  that  the  above-described  appa- 
ratus was  set  up  in  July,  1895,  at  the  Meteorological  Observatory  of 
the  Forest  Institution  in  St.  Petersburgh.  One  end  of  the  coherer 
was  connected  to  a  lightning  conductor  and  the  other  end  to  the 
earth,  and  he  further  remarks  that  from  July,  1895,  to  December, 
1897,  his  apparatus  worked  well  as  a  lightning  recorder.  He  made 
the  arrangement  record  by  connecting  in  parallel  with  the  electric 
bell  an  instrument  in  which  a  pen  was  caused  to  make  paarks  on  a 
moving   band  of   paper  when  the  circuit  of   an  electromagnet  was 

*•  See  a  letter  from  Prof.  A.  Popoff,  The  Electrician,  December  10, 1897,  vol. 
40,  p.  2d5. 
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closed.     PopofTs  apparatos  was  in  faot  intended  to  record  only  what 
are  now  called  atmospheric  stray  waves,  but  not  inteltigible  signals. 

Maiconi  had  meanwhile  filed  an  application  for  a  British  patent,ii> 
in  which  the  details  of  his  electric  wave  detector  were  partionlarly 
described.     He  also  associated  with  its  sensitive  metallic  filings  tnbe 
a  telegraphic  relay  and  a  single  cell,  so  that  when  the  tube  passed 
into  its  conductive  condition  the  circuit  of  the  relay  was  closed     He 
points  oat  that  the  metallic  filings  tube  most  not  be  traversed  at  any 
time  by  a  coirent  greater  than  about  1  milliampere.     Hence  his  relay 
waa  wound  with  a  wire  of  high  resistance,  and  one  having  a  resist- 
ance of  1000  ohms  is  usually  employed.    The  relay,  in  turn,  is  made 
to  close  the  circuit  of  an  electromagnet  which  operates  a  tapping 
arrangement  to  bring  back  the  tube  continually  to  a  sensitive  con- 
dition.   The  details  and  adjuBtments  of  bis  tapper  were  designed  with 
peculiar  care.     The  tapper 
consists     of     an     electro- 
magnet having  a  vibrating 
armature    like    an   electric      h 
bell,  tbe  armature  carrying 
a  hammer  cousistiiig  of  a 
round  brass  knob  on  a  stem. 
Tbe    electromagnet   is    so 
fixed  on  an  indined  plane 
that  the  blow  administered 
to  the  sensitive  tube  is  from 
below  upwards  (see  Fig.  8). 
He    added    delicate    screw 
adjustments    by  means   of     ^"»'  8.— Morconi's   Electromapiotlo  Tappet 

which  the  exact  strength  of        &'  ^fl^H  ^^.  ^'»  ^*'°""™,'^'"  "  ' 
ii.     Li  D"™"  •"'■ci.Kiiu  ui  ReoeptiTO  Condition.    E,  E,  slootromagnet ; 

tne  blows,  and  tbe   rate  at  h,   hammer;   T,  Mnaitive  tube  Bbown  in 

which  they  were  given,  laoUon ;  8„  S„  adjusting  lorews. 
could  be  precisely  con- 
trolled. In  addition  to  this,  he  overcame  tbe  difficultv  mentioned  by 
Lodg^i  by  inserting  in  the  circuit  of  the  sensitive  tube  two  chokiug 
coils  of  wire,  the  effect  of  which  was  to  prevent  the  oacillations  started 
by  the  minute  sparks  at  the  relay  or  vibrating  hammer  contacts, 
travelling  back  along  the  wires  and  causing  coherence  iu  tbe  filings. 
Tbe  vibrating  tapper  and  any  other  telegraphic  printing  or  recording 
inatmments  were  worked  iu  parallel  by  the  relay  by  a  set  of  dry  cells, 
one  separate  cell  being  used  m  the  circuit  of  tbe  coherer  and  relay. 

The  cell  in  series  vrith  the  relay  and  sensitive  tube  passed  a 
current  not  exceeding  a  milliarapere  through  the  tube  when  the 
filings  cohered  under  the  action  of  an  electric  wave,  and  the  circnit 
of  the  relay  thereby  closed  caused  the  curtsut  from  about  eight  other 
dry  oells  to  work  die  tapper  and  Morse  printer  or  recorder. 

Marconi  mounted  the  whole  of  this  apparatus  on  one  base  board 
and  enclosed  it  in  a  metal  box  to  preserve  it  from  the  action  of  stray 
waves  or  sparks. 

In  thia  manner,  towards  the  end  of  1896  Marconi  produced  a 

ioqI  Ioi  Im- 
a  AppacatUE 
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compact  self-contained  cymoscope  of  greater  sensitiveness  and  cer- 
tainty of  action  than  any  which  had  previously  been  designed. 

The  results  which  he  obtained  with  it  when  associated  with  his 
other  inventions  stimulated  research  in  a  remarkable  manner.  He 
came  over  from  Italy  to  England  and  made  known  his  improvements 
to  Sir  W.  H.  Preece,  then  the  engineer-in-chief  of  the  British  Govern- 
ment Telegraph  Department  of  the  General  Post  Office.  Sir  W.  H. 
Preece  exhibited  it  at  a  lecture  he  gave  at  the  Eoyal  Institution  on 
June  4,  1897,  and  stated  that  "  Marconi  has  produced  from  known 
means  a  new  electric  eye,  more  delicate  than  any  known  electrical 
instrument,  and  a  new  system  of  telegraphy  that  will  reach  places 
hitherto  inaccessible."  21 

4.  Methods  of  deteoting  and  reoording  the  Passage  of  Eleotric 
Waves  by  Contact  Deteotors. — It  has  already  been  mentioned- 
that  Branly  discovered  the  fact  that  whilst  some  kinds  of  loose  or 
imperfect  electrical  contact  are  lowered  in  resistance  by  the  creation 
of  an  electric  spark  near  them,  other  descriptions  of  contact  are 
caused  to  increase  in  resistance.  This  change  is  the  result  of  an 
electric  wave  created  by  the  spark.  The  alteration,  whether  to  greater 
or  less  conductivity,  is  essentially  due  to  the  creation  of  an  electric 
force  at  the  imperfect  contact.  The  change  has,  however,  to  be 
detected  in  some  manner  by,  so  to  speak,  testing  the  contact  or 
contacts  before  and  after  the  passage  of  the  wave.  We  do  this  by 
applying  to  the  imperfect  contact  a  small  external  electromotive 
force  in  conjunction  with  some  means  for  detecting  an  electric 
current.  This  external  electromotive  force  must  not  exceed  a  certain 
small  value,  generally  a  fraction  of  a  volt,  or  at  most  1*5  to  2  volts, 
or  else  it  will  itself  produce  the  change  in  conductivity  without  any 
assistance  from  a  passing  electric  wave. 

There  are  three  methods  by  which  we  may  explore  and  reveal 
the  change  in  conductivity  (if  any)  which  has  been  produced  in  the 
sensitive  conducto]?  consisting  of  a  loose  or  microphonic  contact  or 
contacts  of  some  kind. 

We  may  simply  connect  the  coherer  in  series  with  a  single  cell, 
or  with  a  shunted  cell,  and  a  detector,  such  as  a  galvanometer,  or 
other  direct  telegraphic  recorder,  such  as  a  syphon  recorder,  as  used 
in  submarine  telegraphy.  In  the  next  place,  we  may,  as  already 
described,  connect  the  sensitive  device  in  series  with  a  single  cell 
and  a  delicate  telegraphic  relay.  Such  a  relay  should  be  one  which 
operates  with  a  current  of  not  more  than  1  milliampere,  and,  better 
still,  with  one-tenth  of  a  milliampere.  This  relay  can  then  be  made 
to  close  the  circuit  of  any  form  of  ordinary  printing  or  recording 
telegraphic  instrument,  such  as  a  Morse  inker  or  printer,  which  works 
with  a  single  current.  This  plan  is  generally  called  the  telegraphic 
receiver  method. 

In  the  third  place,  we  may  employ  an  ordinary  magnetic  or  Bell 
telephone  in  series  with  the  sensitive  device,  coherer,  or  contact 
detector,  a  single  voltaic  cell  and  a  high  resistance,  or  else  a  shunted 
cell,  being  placed  in  the  circuit.  Then,  when  the  sensitive  device 
suddenly  changes  in  conductivity,  it  either  increases  or  diminishes 

'^iSeo  Proc.  Boyal  Institution,  1897,  vol.  xv.  p.  461,  or  The  Electrician,  voL  89, 
p.  217. 
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suddenly  the  current  through  the  oircuit,  and  a  click  is  heard  in  the 
telephone  by  a  listener.  Generally  speaking,  this  last  method,  called 
the  telephonic  method  of  receiving,  enables  us  to  estimate  smaller 
changes  in  the  conductivity  of  the  sensitive  contact  than  the  method 
with  the  relay.  Each  of  these  methods  has  however  its  own  pecuUar 
advantages.  The  direct  or  galvanometric  method  appeals  to  the  eye, 
and  is  suitable  for  lecture  or  demonstration  purposes.  The  telephonic 
method  appeals  to  the  ear,  and  is  the  most  delicate.  The  method 
with  the  relay  enables  a  permanent  record  of  the  signals  or  changes 
to  be  obtained  on  a  Morse  tape  or  in  printed  signs,  and  has  much  to 
recommend  it.  On  the  other  hand,  the  numerous  adjustments  require 
more  skill  when  a  recording  instrument  is  used,  and  hence,  for  the 
great  bulk  of  ordinary  radiotelegraphic  messages  the  telephonic 
method  is  now  exclusively  employed.  The  particular  arrangements 
employed  in  the  receiving  circuit  will  be  described  in  a  later  chapter, 
but  as  regards  the  appliances  in  use  in  the  generality  of  cases  they 
comprise  the  following  elements. 

(i.)  Some  source  of  electromotive  force,  viz.  a  voltaic  cell  or  cells, 
which  may  be  shunted  by  a  resistance  if  required. 

(ii.)  Some  device  for  indicating  the  presence  or  change  in  strength 
of  an  electric  ciurent,  as,  for  instance,  a  galvanometer,  telephone,  or 
telegraphic  relay  or  recorder. 

(iii.)  Some  appliance  for  creating  a  variation  in  the  strength  of 
the  above  current,  which  is  set  in  operation  by  electric  oscillations, 
BO  that  it  either  varies  the  resistance  of  the  detector  circuit,  or  rectifies 
the  electric  oscillations,  or  creates  electromotive  force  in  that  circuit. 
These  appliances  collectively  form  the  receiving  circuit,  and  it  is 
connected  either  directly  or  inductively  with  an  aritenna  or  wire  in 
which  the  incident  electric  waves  set  up  electric  oscillations. 

5.  Yarious  Forms  of  Coherer  and  Materials  for  their  Con- 
struction.— The  simplest  form  of  contact  detector  is  the  crossed 
needle  or  single  contact,  orginally  described  by  Branly.^  Lodge 
also  found  that  a  steel  sewing-needle  having  its  point  lightly  pressed 
against  an  aluminium  plate  made  a  fairly  regular  coherer.^s  When 
an  electric  wave  passes  over  it,  the  point  is  welded  to  the  plate,  and 
the  loose  or  imperfect  contact  becomes  a  good  one,  and  will  pass  a 
current  from  a  single  cell  through  a  galvanometer.  It  may  here  be 
noted  that  the  passage  of  the  current  is  not  necessary  to  create  the 
coherence,  it  merely  reveals  it. 

Branly  found  in  1891  that  if  a  pair  of  slightly  oxidized  copper 
wires  rest  across  one  another,  the  contact  resistance,  when  no 
pressure  is  applied,  is  very  high  (8000  ohms  or  so).  It  falls,  however, 
to  a  few  ohms  (6  or  7)  on  the  impact  of  an  electric  wave. 

The  objection,  however,  to  a  single  contact  from  the  point  of 
view  of  telegraphy  is  the  small  detecting  current  which  can  be 
passed  through  the  junction  without  damilging  the  sensitiveness  of 
the  contacts  by  welding  them  together  too  much.  In  this  case  it 
requires  a  considerable  shock  to  effect  severance,  and  the  junction 

**  See  E.  Branly,  **  Variation  of  Electric  Conductivity  under  Electrical 
Influence,"  The  Electrician,  vol.  27,  p.  222. 

*>  See  O.  J.  Lodge,  *'  The  History  of  the  Coherer  Principle,*'  TJie  Electrician, 
vol.  40,  p.  90. 
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becomes  less  sensitiye  to  electric  waves.  Sabsequenfcly,  however, 
Branly  found  that  a  series  of  metal  balls  in  light  contact  formed  a 
good  coherer.2^  He  tried  using  small  balls  of  soft  iron  placed  in  a 
glass  tube.  Thus  ten  balls  showed  an  initial  resistance  of  990  ohms, 
which  dropped  to  60  ohms  on  passing  a  l*5-mm.  spark  at  a  distance 
of  10  metres.  He  found  hard  steel  balls  still  better,  varying  in 
contact  resistance  from  2000  to  100  ohms  on  passing  a  spark.  A 
coherer  of  six  hard  steel  balls,  such  as  are  used  for  bicycle  bearings, 
is  about  as  sensitive  as  a  gold  filing  coherer,  but  to  work  well  the 
decohering  shock  must  be  carefully  regulated. 

Subsequently  he  devised  a  tripod  coherer,  consisting  of  a  small 
metallic  stool  with  three  slightly  oxidized  legs.26  This  tripod  stands 
on  a  polished  steel  plate,  and  arrangements  are  made  to  decohere 

it  by  tilting  the  httle  stool  by  an  electro- 
magnet when  the  legs  become  cohered 
to  the  plate  under  the  action  of  a  wave. 
The  ends  of  the  legs  must  not  be  too 
heavily  oxidized,  and  the  stool  must  be 
very  light  in  weight,  so  as  to  make  bad 
contact  with  the  plate  until  the  impact 
of  the  wave  improves  it  ^see  Fig.  9). 
In  the  case  of  the  ball  coherer,  varia- 

Fio.  9.— Branly's  Tripod         *^^°  ^^  sensibihty  may  be  made  by  tilting 
Coherer.  the  glass  tube  containing  the   balls  to 

various  incUnations,  so  as  to  make  the 
balls  press  more  or  less  heavily  on  each  other. 

In  the  case  of  metallic  filings  coherers,  a  variation  in  sensibility 
may  be  obtained  by  bevelling  off  the  electrodes  obhquely  so  as  to 
make  the  gap  wedge  shaped,  as  in  the  Marconi  coherer.<<^  The  present 
form  of  Marconi  telegraphic  coherer  is  attached  to  a  bone  holder, 
consisting  of  a  round  bone  rod  with  squared  end,  to  which  the  coherer 
is  lashed  by  silk  threads.  By  taking  hold  of  the  glass  "  tail "  of  the 
coherer  or  sealed-off  glass  end  by  which  the  coherer  is  exhausted,  it 
can  be  turned  on  its  axis  into  various  positions,  so  that  the  filings 
he  in  a  broader  or  narrower  portion  of  the  bevelled  gap  between  the 
silver  plugs.  The  sensibihty  is  thereby  altered  within  certain  Umits 
(see  Fig.  10).  Other  ways  of  adjusting  the  sensibility  of  filings 
coherers  have  been  devised.  Thus  M.  Blondel  constructed  a  coherer 
with  a  side  tube  or  pocket  (see  Fig.  11)  in  which  was  placed  a 
reserve  of  filings,  and  by  shaking  more  or  less  of  these  into  the  gap 
between  the  electrodes  the  desired  variation  could  be  produced.^  A 
somewhat  similar  arrangement  was  tried  by  Lodge. 

As  regards  materials  for  the  construction  of  coherers,  it  seems 
to  be  generally  agreed  that  the  non-oxidizable  or  noble  metals,  such 
as  gold,  platinum,  and  silver,  taken  alone,  are  not  well  suited  for 

s«  See  E.  Branly,  "  Ball  Coherer,"  Comptes  Bendua,  1899,  vol.  128,  p.  1089,  or 
Science  Abstracts,  vol.  ii.  No.  1164. 

**  See  Prof.  E.  Brady,  '*  A  Sensitive  Ck)herer,"  Comptes  Bendus,  1902,  vol.  134, 
p.  1197,  or  Science  Abstracts,  1902,  vol.  5,  p.  662. 

**  This  device  was  very  early  employed  by  Marooni,  but  it  has  been  patented 
again  and  again  by  various  inventors.  See  German  patent,  No.  116,118,  Glass  21a, 
1900.    It  has  also  been  claimed  by  M.  Tissot. 

*7  See  a  letter  from  M.  A.  Blondel,  The  Electrician,  1899,  vol.  48,  p.  277. 
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making  telegraphic  cymoBoopes.  All  metals  in  the  state  of  filings 
or  fine  horings  exhibit  the  phenomena  of  coherence,  but  the  non- 
oxidizable  metals  are  too  sensitive.  On  the  other  hand,  the  very 
oxidi^able  metals  are  too  insensitive,  and  in  some  cases,  such  as 
potassium  and  arsenic.  Professor  J.  C.  Bose  found  a  reversal  of  efifect, 
viz.  that  under  the  action  of  electric  waves  the  constant  resistance 


Fio.  10. — ^Marconi  Sensitive  Metallic  Filings  Tube  or  Gymosoope  supported  on 

a  Bone  Holder.    {Full  nze.) 

between  particles  of  these  metals  was  increased',  and  not  diminished, 
by  the  impact  of  an  electric  wave. 

It  is  a  curious  fact  that  the  magnetic  metals,  nickel,  iron,  cobalt, 
in  the  order  named,  give  better  results  than  non-magnetic  metals, 
whether  used  as  filings  in  a  tube  or  as  ball  or  rod  coherers.  The 
best  results  are  obtained  when  employing  in  a  metallic  filings  tube  a 
mixture  of  filings  of  a  magnetic  and  a  noble  or  unoxidizable  metal ; 


prom  the  •*  JOectrieal  Review." 
Fig.  11.— Blondel  Side-pocket  Metallic  Filings  Coherer. 

for  example,  a  mixture  of  iron,  nickel,  or  cobalt  filings  with  a  small 
percentage  of  silver,  gold,  or  platinum  filings,  the  mixture  of  nickel 
and  silver  giving,  as  Marconi  has  shown,  a  particularly  good  result. 

The  use  of  carbon  for  the  construction  of  coherers  has  been  much 
discussed.    A  British  Patent  Specification  of  Messrs.  A.  0.  Brown 
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and  G.  E.  Neilson,  No.  28,956  of  December  17,  1896,  one  of  the 
earliest  taken  out  for  improvements  in  electric  wave  telegraphy, 
mentions  the  employment  of  carbon  granules  or  powder  in  a  coherer 
in  series  with  a  telephone  and  a  voltaic  cell  as  a  means  of  detecting 
electric  waves. 

Some  persons  at  one  time  declared  that  carbon  could  not  be  used 
in  a  Branly  tube  as  a  Hertzian  wave  receiver,  and  Branly  himself 
makes  no  mention  of  it.  Sir  Oliver  Lodge,  in  his  book  on  **  The 
Work  of  Hertz.!'  mentions  in  a  footnote  that  Professor  Fitzgerald 
had  succeeded  in  employing  carbon,  but  no  details  of  the  experiments 
are  given. 

Mr.  F.  J.  Jervis-Smith  showed  in  1897  that  powdered  carbon 
could  be  used  in  place  of  metallic  fihngs  in  a  coherer  tube  and  found 
it  very  sensitive.  He  employed  graphitic  carbon  in  a  glass  tube  with 
pointed  metaUic  electrodes,  which  could  be  screwed  more  or  less  into 
the  carbon  powder.28  He  states  that  placing  the  carbon  powder  in  a 
vacuum  does  not  improve  it. 

On  the  other  hand,  an  iron  or  nickel  filings  coherer  will  not  work 
well  for  long  imless  the  fihngs  are  in  a  fairly  good  vacuum.  The 
particles  probably  become  too  much  oxidized  on  the  surface. 

In  the  latter  part  of  1897,  Mr.  F.  J.  Jervis-Smith,  following 
Brown  and  NeUson,  employed  a  combination  of  carbon  coherer  and 
telephone  as  a  detector  of  electric  waves.  In  1898  he  described  the 
arrangement  as  follows : — 

''A  Hertz  resonator  is  usually  adjusted  by  altering  the  length  of  the  two 
conductors  on  either  side  of  the  spark  gap  till  the  best  results  are  obtained,  this 
alteration  of  length  has  been  effected  by  cutting  of!  portions  of  the  conductors, 
and  observing  the  length  of  the  spark  in  the  gap  in  a  dark  room.  Adjustment  by 
means  of  this  method  is  by  no  means  easy,  and  when  the  primary  oscillations  are 
feeble,  it  is  difficult  to  accomplish.  In  the  new  form  of  resonator,  two  ribbons  of 
copper  foil  or  a  flexible  metallic  conductor  of  equal  length  are  symmetrically 
coUed  on  to  two  cylinders,  geared  together  by  means  of  non-conducting  cog- 
wheels ;  the  cylinders  are  carried  on  insulated  bearings,  and  the  ribbons  are  kept 
in  a  state  of  tension  by  means  of  two  weights  attach^  to  silk  cords  running  over 
two  pulleys ;  the  length  of  the  ribbons  is  regulated  by  the  milled  head." 

These  ribbons  form  extensions  of  metalhc  caps  or  ends  to  a  small 
tttbe,  which  is  filled  with  powdered  carbon,  in  form  of  grains. 

"  This  carbon  detector  also  forms  part  of  a  circuit,  including  a  telephone,  and 
a  battery  and  an  adjustable  resistance.  To  adjust  the  resonator,  it  is  placed  so 
that  it  may  be  influenced  by  an  oscillator  or  radiator  of  Hertz  waves,  the  milled 
head  is  slowly  turned  until  a  clear,  sharp  click  is  heard  by  means  of  the  telephone 
Unlike  the  metal  filings  detector  of  Branly,  this  powdered  carbon  detector  allows 
a  very  minute  current  to  flow  continuously  through  the  telephone  circuit,  but 
when  the  carbon  is  subjected  to  a  Hertz  wave,  a  oUck  is  heard  in  the  telephone." 

T.  Tommasina  also  constructed  in  1899  a  carbon  coherer  with 
carbon  particles,  which  he  says  was  as  sensitive  as  a  metaUic  filings 
coherer,  and  required  less  mechanical  shock  to  decohere  it.  One 
efficient  form  consisted  of  two  arc  lamp  carbons  placed  in  a  glass 
tube  held  by  rubber  stoppers,  so  that  the  ends  were  in  light  contact. 

"  See  F.  J.  Jervis-Smith,  The  Electrician,  1897,  vol.  40,  p.  85,  or  Science 
Abstracts,  vol.  i.  No.  166.  Mr.  A.  A.  0.  Swinton  ^see  The  Electrician,  1897,  vol. 
40,  p.  1S8),  had  previously  noticed  the  reduction  m  resistance  of  a  carbon  tube 
filled  with  carbon  granules  by  a  neighbouring  electric  spark. 


DETECTION  AND  MEASUREMENT  OF  ELECTRIC   WAVES      481 


Hf  F«  Hf 


H^C  H5 


He  found  this  form  of  carbon  coherer  extremely  sensitive  and  not 
easily  put  out  of  order.29  Mercury  has  also  been  used  with  great 
success  in  making  coherers.  T.  Tommasina  in  1899  made  a  coherer 
with  a  drop  of  biercury  contained  between  'two  brass  electrodes  in  a 
glass  tube.^  He  does  not  say,  however,  whether  it  required  tapping 
to  make  it  decohere.  It  is  a  peculiar  and  valuable  property  of  carbon 
in  certain  forms  in  combination  with  mercury  and  iron  that  it  enables 
us  to  construct  coherers  which  are  self-restoring  and  return  spon- 
taneously and  immediately  to  a  high  resistance  condition  after  the 
impact  of  an  eiectric  wave. 

As  already  mentioned,  Professor  D.  E.  Hughes  in  1879  found 
that  a  carbon-steel  microphone  was  sensitive  to  electric  sparks  at  a 
distance,  and  he  subsequently  stated  that  he  had  at  that  time  found 
it  to  be  self-restoring.  T.  Tommasina  discovered  that  a  certain 
variety  of  graphitic  carbon  used  in  the  microphones  of  certain  Swiss 
telephones  had  the  same  property.^!  An  interesting  form  of  self- 
restoring  cymoscope  is  one  the  invention  of  which  has  been  attributed 
by  Captain  Quintino  Bonomo  to  P. 
Castelli,  a  signalman  in  the  Italian 
navy.S2  This  coherer  has  been  made  in 
many  forms,  several  varieties  being  de- 
scribed by  Captain  Bonomo  in  an  official 
Beport,  published  by  him  in  1902,  in 
which  he  gave  an  account  of  work  done 
in  wireless  telegraphy  for  the  Italian 
Ministry  of  Marine  between  September, 
1900,  and  May,  1901.  In  a  glass  tube  of 
3  mm.  internal  diameter  are  placed  elec- 
trodes or  rods  of  iron  or«carbon,  fitting 
the  tube  closely,  the  ends  of  the  iron  or 
steel  rods  being  well  polished.  If  carbon 
rods  are  employed,  it  should  be  in  the 
form  used  for  arc  lamp  carbons  with 
smooth  ends.  These  rods  nearly  meet 
in  the  centre  of  the  tube,  and  a  drop  of 
clean  mercury  is  placed  between  them 
(see  Fig.  12,  Diagrams  1,  6,  or  6).  Alter- 
natively there  may  be  two  drops  of  mer- 
cury with  a  short  block  of  iron  or  carbon  Fnm  *•  n«  EUeMeai  lUHnB." 
interposed  between  them  (see  Fig.  12, 
Diagrams  2,  3,  or  4).88  The  size,  of  the 
drop  of  mercury  should  be  between  1-6 

and  3  mm.  in  diameter.  If  less  than  1*5  mm.  the  coherer  is  insen- 
sitive, if  larger  than  3  mm.  it  is  not  sharp  in  action.     The  distance 

■•  See  Comptes  Rendus,  1899,  vol.  128,  p.  666 ;  also  Science  Abstracts,  vol.  ii. 
No.  1023. 

*•  See  Comptes  Rendus,  1899,  vol.  128,  p.  1092;  or  Science  Abstracts,  vol.  ii. 

p.  521. 

»»  See  T.  Tommasina,  Comptes  Rendus,  1900,  vol.  180,  p.  904. 

••  See  "  Telegrafia  Senza  Fill,"  Kome,  1902 ;  or  U Elettricista,  ser.  ii.  vol.  i. 
pp.  118,  178. 

»»  See  r/w  Electrical  Review,  1902,  vol.  61,  p.  968. 
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Fia.  12.— Yarioiui  Forms  of 
Oastelli  Ooherer. 
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between  the  electrodes  of  iron  or  carbon  must  be  carefully  adjusted. 
This  is  done  by  inclining  the  tube  to  35°  or  40°  to  the  horizon,  and 
displacing  the  upper  electrode  until  there  is  a  little  space  of  0*2  to 
0*5  mm.  between  the  mercury  drop  and  the  end  of  the  upper  electrode. 
The  adjustment  will  then  be  correct  when  the  tube  is  in  a  horizontal 
position. 

The  tube  so  prepared  is  placed  in  series  with  a  single  voltaic  cell 
and  a  telephone,  a  resistance  being  added  if  necessary  (see  Eig.  13). 
When  an  electric  wave  falls  on  the  tube,  it  causes  a  sudden  decrease 
in  the  resistance  between  the  electrodes,  and  a  sharp  click  is  heai^  in 
the  telephone.  The  tube,  however,  if  properly  adjusted,  returns 
immediately  to  its  original  high  resistance.  Hence  if  waves  con- 
tinue to  arrive,  the  sound  in  the  telephone  is  almost  continuous. 


E 


I^rom  **  The  XftcMeal  Renew." 

FiQ.  IS.  —  Mode  of  em* 
ploying  a  Meroury-iron- 
oarbon  Detector  with 
a  Telephone,  T,  and 
Auxiliary  Cell,  V,  as  an 
Electric  Wave  Detector. 


Fig.  14.— Italian  Navy  or  Solari  Coherer.  A,  an- 
tenna; E,  earth  connection;  <2,  carbon  plug; 
/,  iron  plug;  m,  telephone;  k,  mercury  globulo; 
<7,  adjusting  screw ;  {.  voltaic  ceU. 


In  a  slightly  modified  form,  with  one  fixed  plug  or  electrode  of 
carbon,  the  other  being  an  adjustable  one  of  iron,  and  a  globule  of 
mercury  included  between  (see  Eig.  14)  the  inner  ends,  the  arrange- 
ment was  claimed  in  1902  as  the  invention  of  the  Marquis  'Luigi 
Solari  of  the  Italian  navy,  and  denominated  the  Italian  Navy 
Ooherer.84 

The  hygrometric  state  of  the  air  is  said  to  afifect  these  tubes 
unfavourably  if  they  are  not  sealed. 

6.  ReBtoration  of  CohererB  to  the  SenBitlTe  Condition.— The 
use  of  a  metallic  filings  coherer  made  with  most  ordinary  metals 

*«  Seb  a  letter  to  The  Times  of  July  8, 1902,  by  the  Marquis  Luigi  Solari, 
claiming  this  invention ;  also  see  a  Boyal  Institution  Friday  Evening  Discourse 
by  Senator  G.  Marconi,  June  18, 1902,  reported  in  The  Electrician,  1902,  vol.  49, 
p.  490 ;  also  British  Patent  Specification,  No.  IB^OS,  of  September,  1901,  amended 
July  16,  1902,  granted  to  G.  Marconi,  conununicated  by  the  Marchese  Luigi 
Solari,  for  "  Improvements  in  Coherers  or  Detectors  for  Electrical  Waves.** 
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necessitates  also  the  employment  of  some  means  for  tapping  the 
tabe  to  restore  it  to  the  sensitive  condition  after  the  coherence  has 
been  produced.  These  mechanical  shocks  must  be  capable  of  very 
nice  sMijustment.  In  telegraphic  work,  the  possibility  of  sending  and 
receiving  a  dash  signal  as  well  a^s  o,  dot  signal  on  the  Morse  alphabetic 
code  is  essentially  dependent  upon  this  delicate  setting  of  the  tapper 
to  administer  a  series  of  blows  of  just  the  right  strength.  The 
original  clockwork  tapper  of  Lodge  is  not  sufficiently  sidjustable. 
The  arrangements  of  Marconi,  though  admirable,  require  some 
dexterity  to  manage  them.  Inventors  have  therefore  sought  for 
simpler  means  of  affecting  the  decoherence  of  the  filings  or  surfaces, 
and  also  for  forms  of  contact  cymoscope  which  should  be  self- 
decohering  or  continually  self-restoring  to  a  sensitive  condition. 

H.  Bupp  found  that  rotating  the  metallic  filings  tube  continually 
but  slowly  was  sufficient  to  keep  the  filings  in  a  sensitive  condition. ^^ 
T.  Tommasina  discovered  that,  when  using  coherers  made  with 
filings  oi  magnetic  metals,  decoherence  could  be  effected  by  a  magnet 
placed  a  little  distance  above  the  tube.  He  accordingly  fixed  an 
electromagnet  above  a  nickel,  iron,  or  cobalt  filings  coherer,  and 
caused  the  action  of  the  electric  wave  on  the  tube  to  close  the  circuit 
of  a  single  cell  through  the  coherer  and  a  relay.  The  relay  in  turn 
closed  another  cell  circuit  through  the  electromagnet,  and  so  effected 
the  decoherence.     He  says  the  arrangement  worked  perfectly .3^ 

The  explanation  of  this  action  seems  to  be  that  the  chains  of 
filings,  which  Tommasina  contends  are  formed  under  the  action  of 
the  waves  are  torn  apart. 

Other  inventors  have  attached  the  coherer  to  the  armature  of  an 
electromagnet,  the  circuit  of  which  included  a  voltaic  cell,  and  was 
closed  through  a  relay  by  the  current  sent  from  a  separate  cell 
through  the  coherer  when  the  latter  became  conductive.  The  play 
of  the  armature  of  the  electromagnet  can  be  limited  by  screw  stops. 
The  author  has  used  for  many  years  a  device  of  this  kind  in  a  lecture 
apparatus,  which  was  most  easy  to  adjust  and  efficient  in  action. 
The  form  of  coherer  used  was  one  suggested  by  the  author  some  time 
ago.S7  It  consisted  of  two  L-shaped  pieces  of  silver,  /,  /,  which  were 
bound  on  either  side  of  a  thin  slip  of  ivory  or  fibre,  d,  in  which  a 
U-shaped  gap  was  cut.  This  formed  a  small  box,  not  more  than  2  or 
3  mm.  wide,  with  metallic  sides.  In  this  box  is  placed  a  very  small 
quantity  of  freshly  made  nickel  filings,  and  the  box  is  closed  by  a 
wooden  wedge  (see  Fig.  15).  This  coherer  is  attached  to  the  vibrating 
armature  of  an  electromagnet,  E,  made  like  an  electric  bell,  except 
that  two  screw  stops  limited  the  play  of  the  armature.  The  coherer 
is  placed  in  series  with  a  single  dry  cell  and  a  relay  which  closes  the 
circuit  of  another  cell  through  the  electromagnet  above  mentioned, 
and  also  closes  another  circuit  of  a  large  electric  bell  or  Morse 

>•  See  H.  Bupp,  Elektrotechnische  Zeitschri/t,  April  14, 1898 ;  or  Electrical 
Review,  1890,  vol.  42,  p.  685. 

**  See  T.  Tommasina,  Comptes  Rendus,  1899,  vol.  128,  p.  225 ;  or  Science 
Abstracts,  vol.  ii.  No.  1166. 

*'  See  Journal  of  the  Institution  of  Electrical  Engineers,  1899,  vol.  28,  p.  St92, 
remarks  by  J.  A.  Fleming  in  "  Discussion  on  Mr.  Marconi's  Paper  on  Wireless 
Telegraphy." 
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printing  telegraphic  instrument.  When  an  electric  wave  falls  on  the 
coherer,  the  vibrating  armature  of  the  electromagnet  gives  one  or 
two  quick  motions,  and  shakes  the  filings  coherer  back  to  a  non- 
conductive  condition. 

7.  Self-restoring  Contact  Deteotors. — The  disadvantage  of  all 
these  arrangements  from  a  telegraphic  point  of  view  is  that  the  train 
of  mechanism  necessary  to  administer  the  shock  to  the  coherer  has 
so  much  mechanical  and  electrical  inertia,  and  hence  is  limited  in 
speed.  Also,  generally  speaking,  more  than  one  blow  must  be  applied. 
A  series  of  light  taps  is  more  effective  than  one  violent  blow.  All 
this  means  time,  and  therefore  loss  of  speed  in  receiving  signals. 

Amongst  other  methods  which  have  been  tried  is  one  due  to  Mr. 
S.  G.  Brown.ss     The  pole  pieces  of  the  coherer  tube  are  made  of  iron, 


Fio.  15. — Fleming  Coherer  carried  on  the  Armature  of  an  Electromagnet. 


and  enveloped  in  magnetizing  coils  traversed  by  an  alternating 
current.  Between  these  pole  pieces  a  small  quantity  of  nickel  or 
iron  filings  is  placed,  and  under  the  action  of  an  electric  wave  these 
loose  filings  cohere.  The  moment  the  wave  ceases  the  alternating 
magnetism  causes  the  filings  to  fall  apart.  Mr.  Brown  found  that 
revolving  a  permanent  magnet  near  an  ordinary  nickel  or  iron  filings 
coherer  tube  had  the  same  effect. 

Of  all  these  substitutes  for  tapping  one  of  the  most  effective  and 
simple  is  that  due  to  Sir  Oliver  Lodge,  Dr.  Muirhead,  and  Mr. 
Eobinson.3^  In  this  arrangement  a  steel  disc  is  caused  to  revolve 
slowly  by  clockwork.  The  disc  just  touches  a  globule  of  mercury, 
the  surface  of  which  is  covered  with  a  layer  of  paraffin  oil  ^see  Fig. 
16).  Under  these  conditions  there  is  no  good  electric  contact  oetween 
the  steel  disc  and  the  mercury.     If  a  fraction  of  a  volt  difference  of 

»«  See  S.  G.  Brown,  British  Patent  Specification,  No.  19,710  of  1899. 

••  See  Sir  Oliver  Lodge,  '*  A  New  Form  of  Self -restoring  Coherer,"  Proc. 
Hoy.  Soc.  Lond.y  1908,  vol.  71,  p.  402 ;  also  British  Patent  of  Lodge,  Muirhead, 
and  Bobinson,  No.  13,521  of  June  14, 1902. 
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Robinson  Rotating  Steel  Disc 
Mercury  Coherer.  D,  steel 
disc  ;  C,  cup  containing  mer- 
cury covered  with  oil. 

series  with   the   telephone 


potential  (0-3  of  a  volt  or  less)  is  created,  by  the  use  of  a  shunted 
voltaic  cell  between  the  steel  and  the  mercury,  then  when  an  electric 
wave  falls  on  this  coherer  the  film  of  oil 
is  perforated,  and  a  current  passes  which 
is  sufficient  to  work  a  syphon  recorder 
placed  in  series  with  the  cymoscope 
without  the  interposition  of  any  relay. 
The  rotation  of  the  steel  disc  continually 
restores  the  cymoscope  to  a  sensitive 
condition.  The  edge  of  the  disc  is  con- 
tinually kept  clean  by  a  pad  of  felt  or 
leather. 

An  ingenious  form  of  combined  tele- 
phone and  coherer  has  been  designed 
by  T.  Tommasina.  In  this  instrument 
the  diaphragm  of  a  Bell  telephone  carries 

on  it  a  small  carbon  or  metallic  filings    Fia.    16.  — Jx)dge  -  Muirhead 
coherer,  which  is  also  in  series  with  a       ^"*^         t>_..._    .,.    ,  r^ 
bell   and  a  relay.     When   the  coherer 
becomes  conductive  it  closes  the  circuit 
of   the  relay,   and  the    latter   in   turn 
closes    the   circuit   of   another   cell   in 

coil.  The  jerk  given  to  the  vibrating  diaphragm  of  the  telephone 
resets  the  coherer.  The  arrangement  works  with  more  precision  if 
the  coherer  contains  iron  or  nickel  filings,  as  then  the  magnetization 
of  the  telephone  core  assists  the  decoherence. 

All  these  arrangements,  however,  in  which  a  sensitive  relay  is 
employed,  involve  continued  adjustment  and  some  considerable 
dexterity  to  obtain  the  best  results.  Hence  of  late  years  practice  has 
tended  in  the  direction  of  receiving  arrangements  which  do  not 
involve  the  use  of  an  electromagnetic  relay  with  a  coherer,  as  this 
last  method  requires  the  employment  of  two  sets  of  cells  and  a 
number  of  minute  adjustments  to  secure  uniformly  good  results. 

Owing  to  the  preference  now  given  to  methods  of  aural  reception, 
many  efforts  have  been  made  to  find  simple  forms  of  contact  detector 
capable  of  being  used  with  a  telephone  which  requires  no  tapping, 
rotating,  or  other  operations,  but  restore  themselves  immediately  to 
their  original  state  of  resistance  after  the  action  of  electric  oscillations 
upon  them.  An  example  of  this  type  is  the  tantalum  detector  of  Mr. 
L.  H.  Walter.40 

The  construction  of  this  detector  is  as  follows  :  A  platinum  wire 
is  sealed  through  the  wall  of  a  glass  bulb  and  dips  into  a  pool  of  mercury 
contained  in  it.  A  second  platinum  wire,  also  sealed  through  the 
glass,  carries  at  its  end  a  short  length  of  tantalum  wire  which  is  part 
of  a  filament  of  a  tantalum  incandescent  lamp.  This  wire  is  only 
0-06  mm.  in  diameter,  and  just  touches  the  mercury  surface  (see  Fig. 
17).  The  detector  is  used  by  joining  the  terminals  of  the  tantalum 
and  mercury  in  series  with  a  telephone,  and  with  a  potentiometer 
arrangement  consisting  of  a  shunted  cell  which  applies  a  fraction  of 

••  See  L.  H.  Walter,  "  On  a  Tantalum  Wave  Detector  and  its  Application  in 
Wireless  Telegraphy  and  Telephony,"  Proc,  Ray.  Soc.*  Lond.,  vol.  81,  A,  p.  1, 
1906. 
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a  volt  0-2  to  0*4  electromotive  force  in  the  circuit,  bo  that  the  taotalum 
point  is  negative.  The  termioals  of  the  detector  are  tbea  also  con- 
nected to  the  circuit  in  which  oscillatioDS  are  being  set  np.  The 
arrasgemeDt   employed   in    radiotelegraph^  as  a  receiver  vnth   thia 


r 
e 


Fio.  IT.— Walter's  Tantalum  Detector. 
P.  Platinum  wire;  T,  Tantalum 
wire ;  M,  Mercurj ;  Q,  Olasa  Teasal. 


Fio.  13. — Arrangement  of  Cirauita 
employed  in  using  the  Walter 
Tantalum  Datector  as  a  Cymoscope 
in  Bodiotelegraphj. 

detector  is  shovrn  in  Fig.  18,  in  which  A  is  the  anteDna,  S,  P  the 

oscillation  transformer,  C,  C  oondenserB.      The   tantalum  detector 

has  its  electrodes  joined  across  the  terminals  of  the  condoDser.     An 

electromotive  force  of  about  0-3  of  a  volt  is  applied  by  means  of  a 

shunted  voltaic  cell  B,  and 

the  battery  circuit  inctudes  a 

telephone  T. 

The  form  of  detector  just 
described,  while  serving  very 
well  for  use  in  fixed  stations 
wbere  a  firm  support  can  be 
obtained,  is  not  so  satis- 
factory when  the  detector  is 
liable  to  be  subjected  to 
sbakiug  or  mechanical  sbocks 
during  the  reception  of  mes- 
sages. Various  devices  have 
been  tried  without  success, 
but  one  satisfactory  solution 
is  arrived  at  by  constructing 
the  detector  in  the  following 
manner: — The  tantalum  wire 
is  fastened  in  a  platinum  dip 
and  the  end  of  the  tantalum 
encased  in  glass  by  a  special 
method,  necessitated  by  the 
impossibility  of  seahng  in 
Ot  AvJiutTomd  iki  sxiay.]    ~      '  '  '       tantalum  in  the  ordinary  way 

as  is  done  with  platinum.  The 
platinum- wire  is  sealed  into  a  minute  glass  bulb,  B  (see  Fig.  19)  blown 
on  one  end  of  a  glass  tube  ;  the  other  end  of  the  tube  is  connected  to 
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an  air  pump  and  the  interior  exhausted.  The  glass  tube  is  next  heated, 
when  the  vacuum  causes  it  to  collapse  on  to  the  tantalum  wire.  The 
end  of  the  glass  sheathed  wire  can  then  be  ground  down  so  that  the 
tantalum  surface  is  just  flush  with  the  glass  (simply  breaking  off 
the  glass  end  usually  suffices).  The  mercury  is  contained  in  a  glass 
tube,  G,  having  a  bore  of  A  inch.  A  larger  tube  would  be  better,  but 
the  sensitiveness  to  shakmg  then  reappears ;  a  smaller  tube  gives  a 
less  sensitive  and  more  variable  detector.  An  ivory  plug,  I,  through 
which  a  platinum  or  nickel  wire  passes  and  projects,  is  placed  at  one 
end  of  a  length  of  a  few  inches  of  such  glass  tube  with  thick  walls.  A 
few  drops  of  mercury — enough  to  form  a  pellet,  M,  about  j^  inch  long 
— are  then  put  in  and  a  second  ivory  plug,  I^,  this  one  with  the  sheathed 
tantalum  wure  passing  through  it  and  projecting  about  A  inch,  inserted 
BO  that  the  tantalum  glass  surface  just  dips  into  or  under  the  mercury 
surface.  The  best  (most  sensitive)  position  is  that  shown  in  Fig.  18, 
with  the  glass  tube  vertical  and  the  tantalum  electrode  at  the  top,  and 
this  gives  a  detector  which  may  be  roughly  shaken  or  tapped  during 
the  reception  of  signals,  without  affecting  their  sound  in  any  way. 
For  seaUng  up,  the  whole  arrangement  is  encased  in  an  ebonite  tube, 
£,  and  the  ends  filled  in  with  insulating  compound.  The  device  is 
then  permanent,  though  experience  (time)  is  wanted  to  decide  whether 
it  is  as  inalterable  as  the  first  form. 

8.  Theories  of  Coherer  Action. — At  this  point  it  is  desirable  to 
consider  some  of  the  theories  which  have  been  put  forward  to  account 
for  the  phenomena  of  coherence  under  the  impact  of  electromagnetic 
waves. 

At  an  early  stage  Lodge  advanced  the  opinion  that  the  metallic 
surfaces  in  light  contact  were  welded  together,  and  his  expressions 
have  been  interpreted  to  mean  that  he  took  the  view  that  the  action 
was  in  part,  at  least,  a  thermal  one.  The  surfaces  in  loose  contact 
being  at  different  potentials,  were  assumed  to  be  drawn  together  and 
then  autogeneously  welded  or  caused  to  cohere,  like  clean  surfaces  of 
lead  when  strongly  pressed  together.  Many  observers  have  asserted 
that  this  process  may  be  witnessed  through  the  microscope,  actually 
taking  place.  Thus  D.  van  Gulik  observed  through  the  microscope 
the  action  of  electric  waves  upon  the  rounded  ends  of  two  platinum 
wires  almost  in  contact,  and  saw  them  drawn  together  when  the  wave 
fell  on  them.  Also  in  another  experiment  he  used  mercury  drops 
separated  by  a  thin  surface  contamination  of  chalk,  and  said  that  he 
saw  them  coalesce  under  the  action  of  radiation.  Other  observers 
assert  that  they  have  seen  under  the  microscope  minute  sparks  pass- 
ing between  the  filings  in  a  filings  coherer  when  a  wave  was  allowed 
to  act  on  it.  These  observations  may  be  correct  as  far  as  they  go,  but 
it  is  clear  that  very  powerful  radiations  must  have  been  employed, 
far  in  excess  of  that  necessary  to  produce  the  true  coherer 
phenomena. 

Other  physicists  have  examined  particularly  the  filings  coherer. 
T.  Sundorph  states  that  under  the  action  of  electric  radiation  chains 
of  conducting  particles  are  formed,  and  that  the  process  may  be 
examined  by  laying  some  iron  filings  on  a  glass  plate  between  the 
ends  of  two  rods.  Then,  on  making  electric  sparks  in  proximity, 
some  of  the  filings  cling  together  and  form  connected  chains  from 
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rod  to  rod.  The  loose  or  disconnected  filings  may  be  removed  by 
a  feeble  magnet  and  the  chains  exposed  to  view  ^i 

T.  Tommasina  supports  this  opinion,  and  says  that  these  chains 
of  particles  stretching  between  the  electrodes  are  more  easily  formed 
when  the  surrounding  medium  is  distilled  water  or  some  dielectric 
other  than  air.*2 

E.  Malagoli,  <in  referring  to  Tommasina's  assertions,  states  that 
this  process  of  the  creation  of  chains  of  conducting  particles  between 
the  electrodes  can  be  witnessed  in  the  case  of  brass  filings  placed 
between  two  plates  of  metal  immersed  in  vaseline  oil,  when  a  differ- 
ence of  potential  is  made  between  the  plates.^ 

In  some  of  these  experiments,  however,  considerable  potential 
differences  must  have  been  employed.  The  actual  electric  or  electro- 
motive forces  which  come  into  play  under  the  action  of  electric  waves 
are  very  small,  and  experiments  such  as  the  above  do  not  necessarily 
explain  the  real  coherer  effect. 

E.  Aschkinass  very  properly  observes,  moreover,  that  any  theory 
of  the  coherer  must  taKe  into  account  not  only  the  coherence  and 
increased  conductivity  of  the  magnetic  and  ordinary  metals,  but  the 
decreased  adherence  and  reduced  conductivity  which  takes  place 
between  such  substances  as  peroxide  of  lead,  arsenic,  potassium,  etc. 
In  other  words,  no  theory  of  the  coherer  can  be  complete  which  does 
not  include  an  explanation  of  the  two  kinds  of  effect  on  imperfect 
contacts  discovered  by  Branly,  which  can  be  produced  by  an  electric 
wave.** 

Furthermore,  we  have  to  take  into  account  that  highly  oxidized 
particles  of  metal  operate  in  many  cases  as  effectively  in  making  a 
coherer  as  perfectly  clean  surfaces.  Welding,  in  the  ordinary  sense 
of  the  word,  cannot  then  occur. 

The  welding  theory  also  fails  to  account  for  the  power  of  carbon 
granules  to  form  a  good  coherer,  since  carbon  cannot  be  welded  at 
any  such  temperature  as  can  then  exist  at  the  points  of  contact  of 
the  carbon  particles :  and,  moreover,  the  coherence  is  not  permanent. 

On  the  general  subject  of  the  sensitiveness  of  loose  aggregations 
of  metal  filings  to  electric  waves,  the  researches  of  Professor  J.  C. 
Bose  are  of  particular  interest.*^  He  states  that  the  sensitiveness  of 
any  form  of  contact  cymoscope  consisting  of  conducting  particles 
depends  upon  the  proper  adjustment  of  the  pressure  between  the 
particles  and  the  value  of  the  external  electromotive  force  which  is 
in  waiting,  so  to  speak,  to  send  or  increase  the  current  through  the 
contacts. 

Bose  discovered  other  substances  which,  like  the  peroxide  of  lead 
mentioned  by  Branly,  exhibit  the  phenomenon  of  decreased  coherence 
under  the  action  of  electric  waves,  such  as  metallic  arsenic,  potassium 

"  See  Wied.  Annalen^  1899,  vol.  68,  p.  694;  or  Science  Abstracts,  vol.  ii. 
No.  1717. 

**  See  Comptes  RenduSf  1899,  vol.  129,  p.  40 ;  or  Science  Abstracts,  vol  ii. 
No.  1718,  1899. 

"  See  n  Nuovo  Cimento,  1889,  vol.  10,  p.  979. 

"  See  E.  Aschkinass,  *'  On  the  Coherer,"  Wied.  Ann,  der  Physik,  1898,  vol.  66, 
p.  284. 

**  See  J.  0.  Bose,  Proc,  Boy,  Soc,  Lond.,  1899,  vol.  65,  p.  166;  or  Science 
Abstracts,  vol.  ii.  No.  1716. 
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in  petroleum  oil,  and  some  forms  of  silver.  The  best  instance,  how- 
ever, of  this  so-called  anti-coherer  action  is  a  light  contact  between  a 
mass  of  compressed  peroxide  of  lead  and  metallic  lead. 

S.  G.  Brown  has  made  a  so-called  automatic  anti-coherer  by  press- 
ing lightly  a  lead  point  against  a  surface  of  lead  which  has  been 
peroxidized.  The  electrical  resistance  of  this  contact  becomes  greater, 
and  not  less,  under  the  action  of  electric  waves,  and  it  is  also  self- 
restoring.    The  fact  can  easily  be  shown  as  a  lecture  experiment. 

Any  theory  of  the  action  of  electric  waves  or  loose  or  imperfect 
metallic  contacts,  to  be  complete,  must  embrace  both  the  cases  of 
coherence  and  those  of  increased  resistance  at  the  junction.  It  must 
explain  why  a  copper  wire  lightly  touching  an  oxidized  copper  wire 
expeiiences  a  great  reduction  in  resistance  at  the  contact  when  an 
electric  wave  falls  upon  it,  whilst  a  lead  wire  lightly  touching  a 
peroxidized  lead  wire  exhibits  under  the  same  conditions  an  increase 
in  resistance  at  the  contact. 

Branly  had  recourse,  therefore,  to  a  theory  in  which  the  dielectric 
between  the  particles  is  considered  to  play  an  important  part.  He 
calls  all  the  substances  which  when  in  light  contact  have  their 
conductivity  altered  one  way  or  the  other  by  an  electric  wave,  radio- 
conductors, 

Guthe,  however,  gives  reasons,  derived  from  the  experiments  by 
himself  and  others,  for  doubting  whether  the  interposed  dielectric  has 
the  functions  ascribed  to  it  by  Branly.*® 

J.  C.  Bose,  after  extensive  examination  of  the  coherer  phenomena, 
divided  all  substances  into  positive  and  negative,  the  first  and  largest 
class  reducing  their  resistance,  and  the  second  and  smallest  class 
increasing  their  resistance.  He  used  the  term  electric  touch  to  signify 
sensitiveness  to  electric  radiation,  and  concluded  that  the  effect  of 
radiation  was  to  produce  a  molecular  change  or  allotropic  modification 
of  the  substance  acted  upon,  so  that  a  positive  substance  becomes  less 
positive,  and  a  negative  less  negative ;  in  some  cases  reversal  taking 
place.*7  These  descriptions,  terms,  and  hypotheses  have  not,  however, 
much  increased  our  real  insight  into  the  matter. 

It  has  been  asserted  that  for  every  particular  Branly  tube  there  is 
a  critical  electromotive  force  in  the  neighbourhood  of  two  or  three 
volts,  which  causes  the  tube  to  break  down  and  pass  instantly  from 
a  non-conductor  to  a  conductive  condition,  and  that  this  critical 
electromotive  force  may  become  a  measure  of  the  utility  of  the  tube 
for  telegraphic  purposes.  Thus  0.  Kinsley  {Physical  Review^  1901, 
vol.  12,  p.  177)  made  measurements  of  this  supposed  critical  poten- 
tial for  diflferent  **  coherers,"  and  subsequently  tested  the  same  as 
receivers  of  a  wireless  telegraph  station  of  the  U.S.A.  Signal  Corps. 
The  average  of  twenty-four  experiments  gave  in  one  case  2*2  volts 
as  the  breaking  down  potential  of  one  of  these  coherers  or  Branly 
tubes,  3*8  volts  for  a  second,  and  6*5  volts  for  the  third.  These  same 
instruments  tested  as  telegraphic  cymoscopes  showed  that  the  first  of 
the  three  was  most  sensitive. 

**  See  K.  E.  Guthe,  "  Coherer  Action,"  paper  read  September,  1904,  before  the 
St.  Louis  International  Electrical  Congress;  see  also  The  Electrician^  1904, 
vol.  54,  p.  92. 

*'  See  J.  0.  Bose,  Proc.  Roy,  Soc,  Lond.,  1900,  vol.  66,  p.  460. 
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On  the  other  hand,  W.  H.  Eccles  {Electrician,  1901,  vol.  47, 
pp.  682,  716)  conducted  some  very  instructive  experiments  with 
Marconi  nickel-silver  sensitive  tubes,  using  a  liquid  potentiometer 
made  with  copper  sulphate  to  apply  the  potential,  so  that  the  infini- 
tesimal spark  at  the  sliding  contacts  might  be  avoided,  and  the  changes 
in  potential  made  without  any  abruptness.  He  states  that  if  the 
coherer  tube  is  continually  tapped  at  the  rate  of  fifty  vibrations  per 
second,  whilst  at  the  same  time  an  increase  in  potential  is  apphed 
to  its  terminals,  and  the  current  passing  through  it  measiured  on  a 
galvanometer,  there  is  no  abrupt  change  in  current  at  any  point.  He 
found  that  when  the  current  and  voltage  were  plotted  against  one 
another  a  regular  curve  was  obtained,  which  after  a  time  becomes 
linear.  A  decided  change  occurs  in  the  conductivity  of  the  mass  of 
metallic  filings  when  treated  in  this  manner  at  voltages  lower  than 
the  critical  voltages  obtained  by  previous  methods.  He  ascertained 
that  there  was  a  complete  correspondence  between  the  sensitiveness 
of  the  tubes  used  as  telegraphic  instruments,  and  the  form  of  the 
characteristic  curveof  current  and  voltage  drawn  by  the  above-described 
method. 

In  the  same  manner,  K.  Guthe  and  A.Trowbridge  {Physical  Review, 
1900,  vol.  2,  p.  22)  investigated  the  action  of  a  simple  ball  coherer 
formed  of  half  a  dozen  steel,  lead,  or  phosphor-bronze  balls  in  slight 
contact.  They  measured  the  current  i  passing  through  the  series 
under  the  action  of  a  difference  of  potential,  r,  between  the  ends,  and 
found  a  relation  which  could  be  expressed  in  the  form — 

i;  =  V(l  -  €-«) 

where  v  and  h  are  constants. 

The  current  through  this  ball  coherer  is,  therefore,  a  logarithmic 
function  of  the  potential  difference  between  its  ends  of  the  form — 


•  =  ^o«(v^) 


and  exhibits  no  discontinuity.  The  inference  was  drawn  that  the 
''  resistance  "  is  due  to  films  of  water  adhering  to  the  metallic  particle, 
through  which  electrolytic  action  occurs.  On  the  whole,  the  theory 
of  a  critical  potential  is  not  upheld  by  the  general  facts. 

It  is  clear,  however,  that  the  agency  which  actually  causes 
coherence  is  electromotive  force,  and  that  the  matter  to  be  explained 
is  the  reason  electromotive  force,  acting  on  an  imperfect  contact, 
brings  into  better  conducting  contsbct  the  surfaces  of  certain  materials 
which  are  in  light  or  imperfect  contact  which  constitute  part  of  the 
circuit,  whilst  in  a  few  other  instances  it  is  made  worse.  Lodge  has 
shown  that  two  conductors  separated  by  a  film  of  air  one  ten- 
thousandth  of  a  millimetre  in  thickness,  and  having  a  difference  of 
potential  of  1  volt,  are  drawn  together  by  electrostatic  attraction  with 
a  force  of  44  atmospheres  per  square  centimetre  of  contact  surface. 
Hence  this  pressure  would  be  sufficient  to  force  out  a  film  of  gaseous 
dielectric  between  the  surfaces,  and  bring  them  into  closer  contact. 
Applying  to  this  fact  the  electron  theory,  K.  E.  Guthe  ^  has  expressed 

*•  See  paper  on  '*  Coherer  Action,"  loc.  cU, 


DETECTION   AND   MEASUREMENT   OF   ELECTRIC   WAVES      491 

the  opinion  that  the  electrostatic  pressure  is  sufficient  to  bring  the 
surfaces  into  such  contact  that  electrons  can  pass  over  from  mass  to 
mass,  thus  establishing  a  current  through  the  discontinuous  substance. 
This  theory,  however,  gives  no  explanation  how  it  comes  to  pass  that 
there  is  coherence  in  some  cases  and  decoherence  in  others.  Even 
if  we  grant  that  the  passage  over  the  electrons  from  one  surface  to 
the  other  brings  the  opposed  surfaces  to  such  a  potential  difference 
that  a  practical  welding  of  them  takes  place,  we  have  yet  to  explain 
why  there  should  be  such  a  marked  contrast  between  the  behaviour 
of  various  substances,  and  why  there  should  be  such  a  difference 
between  substances  in  the  degree  of  mechanical  shock  necessary  to 
rupture  the  contact  thus  formed. 

On  the  whole,  it  cannot  be  said  that  our  insight  into  the  matter 
is  very  complete.  Our  knowledge  of  molecular  processes  is  still  far 
too  imperfect  to  enable  us  to  describe  the  actual  atomic  conditions 
at  the  surfaces  of  a  loose  contact  between  different  pure  or  oxidized 
metallic  masses. 

The  only  facts  which  seem  clear  are  that  the  phenomenon  of 
coherence  is  essentially  an  electrical  process,  that  it  depends  upon  the 
creation  of  a  small  difference  of  potential  between  the  surfaces  in  light 
contact,  and  as  such  is  not  directly  an  effect  of  radiation  per  ae,  but 
merely  of  the  electromotive  force  set  up  when  electric  waves  are 
incident  upon  the  conductors  in  light  contact,  or  upon  others  con- 
nected with  them.  That  we  have  still  much  to  learn  concerning  the 
general  nature  of  the  effect  is  shown  particularly  by  the  interesting 
facts  observed  by  Schafer.**  • 

He  describes  the  following  experiment : — 

A  very  thin  film  of  silver  is  deposited  upon  glass,  and  a  strip  of 
this  silver  is  scratched  across  with  a  diamond,  making  a  fine  traverse 
cut  or  gap.  If  the  resistance  of  this  divided  strip  of  silver  is  measured, 
it  will  not  be  found  to  be  infinite,  but  may  have  a  resistance  as  low 
as  40  or  50  ohms,  if  the  strip  is  30  mm.  or  so  wide.  On  examining 
the  cut  in  the  strip  with  a  microscope,  it  will  be  found  that  the  edges 
are  ragged,  and  that  there  are  little  particles  of  silver  lying  about  in 
the  gap.  If,  then,  an  electromotive  force  of  3  or  4  volts  or  so  is 
put  on  the  two  separated  parts  of  the  strip,  these  little  particles  of 
silver  fly  to  and  fro  like  the  pith  balls  in  a  familiar  electrical  experi- 
ment, and  they  convey  electricity  across  from  side  to  side.  Hence  a 
current  passes  having  a  magnitude  of  a  few  miUiamperes.  If,  how- 
ever, the  strip  is  employed  as  a  cymoscope,  and  connected  at  one  end 
to  the  earth  and  at  the  other  end  to  an  aerial,  then,  when  electric 
waves  fall  upon  the  aerial,  the  electrical  oscillations  thereby  excited 
seem  to  have  the  property  of  stopping  this  dance  of  silver  particles, 
and  the  resistance  of  the  gap  is  much  increased,  but  falls  again  when 
the  wave  impact  ceases.  If,  therefore,  a  telephone  and  battery  are 
connected  between  two  portions  of  the  strip,  the  variation  oi  this 
battery  current  will  affect  the  telephone  in  accordance  with  the  waves 
which  fall  upon  the  aerial,  and  the  arrangement  becomes,  therefore, 
a  wave-detecting  device.  It  is  said  to  have  been  used  in  wireless 
telegraph  experiments  in  Germany  up  to  a  distance  of  95  kilometres. 

**  See  E.  Marx,  Phys.  Zeitschriftt  vol.  2,  p.  949 ;  or  Science  Ahsircicts,  vol.  4, 
p.  471 ;  see  also  Qerman  Patent  Specification,  No.  191,  66S,  Class  21a. 
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A  furfcher  study  of  these  instances  of  anti-coherence  or  interruption 
of  continuity  is  needed  before  we  can  possibly  evolve  a  theory  which 
will  satisfactorily  meet  all  the  known  facts  concerning  the  effect  of 
high  frequency  alternating  electromotive  force  upon  an  imperfect  or 
high  resistance  contact  between  substances  of  various  kinds.  It  is 
possible  that  friction  itself,  generally  speaking,  is  wholly  an  electric 
phenomenon. 

There  is  a  well-marked  phenomenon  of  ''  fatigue  "  in  the  case  of 
metallic  filings  coherers  which  also  deserves  mention  and  requires 
explanation.  It  has  also  been  noticed  that  rise  of  temperature 
promotes  or  favours  decoherence  in  the  case  of  the  positive  class  of 
radio-conductors. 

It  is  clear  that  any  theory  of  the  operation  of  coherers  must  be 
in  close  touch  with  the  theory  of  electric  conduction  generally. 
According  to  the  electronic  theory  of  electricity,  the  conduction  of 
electricity  in  conductors  is  due  to  the  motion  of  free  corpuscles  or 
electrons  or  so-called  negative  ions  in  them.  In  each  conductor  there 
is  a  certain  number  of  these  free  ions  in  each  unit  of  volume.  It  has 
been  shown  by  Sir  J.  J.  Thomson  (see  **  Conduction  of  Electricity 
through  Gases,"  p.  144)  that  an  ion  cannot  fly  off  spontaneously  and 
leave  the  conductor,  since  the  moment  it  attempts  to  depart  from 
the  surface  it  is  subjected  to  a  mechanical  force  which  is  numerically 

equal  to  j^,  where  e  is  the  ionic  negative  charge,  viz.  4-8  X  10 

electrostatic  units,  and  d  is  the  distance  from  the  surface.  Suppose, 
however,  that  two  metal  surfaces  are  very  near  together,  and  at  a 

V 

difference  of  potential  of  V  volts,  or  ^  ^^  electrostatic  units.     Let  the 

distance  between  these  surfaces  be  very  small,  and  equal  to  x  cms. 

V 
Then  the  electric  force  in  the  interspace  is  fr^r^  electrostatic  units, 

and  if  this  is  comparable  with  or  greater  than .—  ,  negative  ions  may 

be  drawn  out  of  one  mass  of  metal  and  pass  over  to  the  other. 
If,  then,  we  have  such  a  value  of  x  and  V  that — 

Ye         e^  „^  e 

300x  =  4;.-2<^^^  =  75v 

this  transference  of  ions  can  happen.  Suppose  that  V  =  2  volts, 
then  the  above  equation  is  satisfied  if  a?  =  1*2  X  10-8.  This  is  a 
distance  comparable  with  atomic  diameters.  If,  then,  two  metallic 
surfaces  are  in  dose  contact,  the  creation  of  a  certain  small  difference 
of  potential  between  them  will  result  in  the  passage  of  negative  ions 
from  one  to  the  other,  and  therefore  in  electric  conduction.  More- 
over, this  transference  will  increase  the  potential  difference,  and  this 
will  operate  to  draw  the  surfaces  still  closer  by  electrostatic  attraction. 
The  phenomena  of  coherence  between  loose  or  imperfect  contacts 
between  metals  can  thus  be  explained  on  the  electronic  hypothesis, 
since  when  subjected  to  the  action  of  an  electric  wave  small  differ- 
ences of  potential  are  created  between  the  conductors  in  loose  contact, 
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owing  to  the  electromotive  forces  set  up  by  the  wave  in  these  con- 
ductors, or  others  to  which  they  are  connected.  Where  very  great 
differences  in  conductivity  exist  between  the  two  surfaces  in  contact, 
the  action  may  result  in  an  accumulation  of  negative  ions  at  the 
bounding  surface  in  such  number  as  to  stop  the  flow  of  a  current 
across  the  junction,  and  thus  explain  the  decreased  conductivity  of  a 
junction  between  such  substances  as  lead  and  peroxide  of  lead  when 
traversed  by  electric  oscillations. 

In  connection  with  the  theory  of  coherers  the  reader  may  be 
referred  to  an  interesting  paper  by  Dr.  W.  H.  Eccles,  read  before  the 
Physical  Society  of  London,  March  11,  1910,  in  which  he  gives  an 
account  of  experiments  on  coherers  and  a  method  of  investigating 
them  as  follows  : — 

'*  A  method  of  investigating  detectors  is  developedwith  special  reference  to  the 
relations  between  the  energy  given  to  the  detector  in  the  form  of  electrical 
vibrations  and  the  energy  delivered  by  the  detector,  as  direct  current,  to  the 
circuit  of  the  indicating  instrument.  The  stream  of  energy  supplied  to  the 
detector  was  always  of  the  same  order  as  that  usual  in  telegraphy.  The  detector 
under  examination  was  placed  in  a  circuit  containing  suitable  inductance  and 
capacity,  which  was  secondary  to  a  primary  circuit.  The  primary  could  be  set 
into  electrical  vibration  by  breaking  a  known  current  in  it.  The  coupling  was 
very  small,  so  that  when  a  current  oft  a  few  milliamperes  was  broken  in  the 
primary,  the  energy  delivered  to  the  detector  was  of  the  order  a  thousandth  of 
an  erg,  and  the  electromotive  force  at  the  coherer  terminals  was  of  the  order  a 
tenth  of  a  volt.  The  response  of  the  detector  was  measured  by  comparing  the 
sound  in  its  telephone  with  the  sound  produced  in  the  same  telephone  by  inter- 
rupting  a  measurable  direct  current.  A  special  switch  key  enabled  the  com- 
parison to  be  made  quickly.  The  power  delivered  to  the  aeteotor  and  to  the 
telephone  was  determined  by  extrapolation  from  measurements  on  stronger 
currents  with  the  thermogalvanometer. 

**  The  results  of  experiments  on  coherers  made  of  oxidized  iron  wire  dipping 
into  mercury,  and  on  coherers  made  of  a  clean  iron  point  touching  an  oxidized 
iron  plate,  are  exhibited  as  curves  connecting :  (1)  the  steadily  applied  E.M.F. 
and  consequent  current  through  the  coherer ;  (2)  the  steadily  applied  E.M.F.  and 
the  power  given  to  the  telephone,  for  various  rates  of  delivery  of  vibration  energy 
to  the  detector ;  (8)  the  power  delivered  to  the  detector  and  the  power  passed  to 
the  telephone,  the  E.M.F.  applied  to  the  coherer  being  constant.  Curves  (1^  show 
that  in  a  self-restoring  coherer  the  current  increases  more  and  more  rapidly  as 
the  E.M.F.  is  raised,  till,  in  general,  a  point  of  inflexion  is  reached,  and  then  the 
current  increases  more  slowly.  Curves  (2^  show  the  rise  and  fall  of  sensitiveness 
to  oscillations  as  the  applied  E.M.F.  is  mcreased.  Curves  (3)  show  that  if  W 
represents  the  power  in  watts  delivered  to  the  coherer,  and  w  the  power  passed  to 
the  telephone  circuit,  then  w  =  m(W  —  a),  where  m  and  a  have  values  settled  by 
the  magnitude  of  the  current  through  the  detector.  The  quantity  m  for  a  good 
low  resistance  iron-mercury  coherer  has  been  found  to  be  as  high  as  0*06 ;  while  a 
is  usually  near  1*0  x  10  ~^  watt.  These  curves  show  that  these  coherers  are  not 
'  voltage-operated  '  detectors,  but '  integrating '  detectors. 

"  The  Author  puts  forward  the  hypothesis  that  the  properties  of  an  oxide 
coherer  may  arise  solely  from  the  temperature  variations  caused  in  the  minute 
mass  of  oxide  at  the  contact  by  the  electrical  oscillations  and  by  the  applied 
E.M.F.  He  examines  the  hypothesis  mathematically,  and  shows  that  most  of 
the  phenomena  recorded  in  the  curves  (1,)  (2j,  (8)  above,  can  in  this  way  be 
accounted  for  as  perfectly  as  the  present  state  of  the  measurement  permits." 

For  details  the  reader  is  referred  to  the  full  paper. 

9.  Magnetic  Deteotors. — It  was  well  known  long  before  the 
middle  of  the  last  century  that  the  discharge  of  a  Leyden  jar  had  a 
magnetizing  power.  Sir  Humphry  Davy  magnetized  sewing-needles 
with  Leyden  jar  discharges  in  1821.     Joseph  Henry,  in  the  United 
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States,  between  1842  and  1850,  explored  many  of  the  puzzling  facts 
oonnecled  with  this  subject,  and  only  obtained  a  clue  to  the  anomalies 
when  he  realized  that  the  discharge  of  a  condenser  through  a  low 
resistance  circuit  is  oscillatory  in  nature.^  Amongst  other  things, 
Henry  noticed  the  power  of  condenser  discharges  to  induce  secondary 
currents  which  could  magnetize  steel  needles  even  when  a  great 
distance  separated  the  primary  and  secondary  circuits.  He  employed 
this  magnetization  to  test  the  direction  of  the  secondary  currents, 
and  he  was  followed  in  the  same  field  of  research  by  Abria,  Marianini, 
Biess,  and  MatteuccL 

In  1870  Lord  Bayleigh,  in  discussing  some  electromagnetic 
phenomena,  pointed  out  that  the  resultant  magnetic  effect  of  an 
oscillatory  discharge  depends  upon  the  direction  of  the  maximum 
value  of  the  current  during  the  oscillation,  and  also  that  there  may 
be  superimposed  magnetic  effects  in  the  same  needle.'*! 

In  1895  the  subject  was  again  taken  up  by  Professor  E.  Euther- 
ford,  and  in  a  very  able  paper,  pubHshed  in  1896,  he  described 
experiments  he  had  made  on  the  subject.^2 

It  is  a  familiar  fact  that  if  a  soft  iron  bar  is  magnetized  and  then 
removed  from  the  field,  it  preserves,  in  virtue  of  retentivity,  its 
magnetization  after  the  magnetizing  force  is  withdrawn.  Also  it  is 
known  that  if  the  iron  is  pure  and  annealed,  its  coercivity  is  small, 
that  is  to  say,  a  very  small  mechanical  shock  or  twist  is  sufficient  to 
destroy  its  magnetization.  Physicists  were  also  aware  that  discharges 
of  a  Leyden  jar  passed  through  the  iron  could  act  like  mechanical 
shocks  and  remove  the  feebly  held  residual  magnetization. 

Eutherford  found  that  electric  oscillations  sent  through  a  coil  sur- 
rounding a  very  small  steel  or  iron  needle  which  had  been  magnetized 
to  saturation  could  more  or  less  demagnetize  it,  and  after  examining 
with  care  the  best  conditions,  he  made  a  detector  for  electric  oscilla- 
tions as  follows : — 

About  twenty  pieces  of  fine  steel  wire  0*007  cm.  in  diameter,  each 
about  1  cm.  long,  and  insulated  from  each  other  by  shellac  varnish, 
formed  the  detector  needle  used.  A  fine  copper  wire  insulated  with 
silk  was  wound  directly^  over  the  needle  in  two  layers,  and  making  in 
all  eighty  turns.  As  the  solenoid  was  of  very  small  diameter,  about 
16  cms.  of  wire  served  to  wind  the  coil.  This  small  detector  was 
fixed  at  the  end  of  a  glass  tube,  which  was  itself  fixed  on  a  wooden 
base,  the  terminals  of  the  detector  coil  being  brought  out  to  mercury 
cups.  To  the  ends  of  this  solenoid  were  attached  two  long  rods 
which  served  as  electric  wave  collectors,  and  in  which  the  oscillations 
were  set  up.     The  detector  needle  was  strongly  magnetized  and  then 

>o  See  **  The  Scientific  Writings  *'  of  Joseph  Henry,  vol.  i.  pp.  203,  298 ;  also 
Proceedings  of  the  American  Assoc,  for  Advancement  of  Science^  1850,  vol.  iv. 
pp.  377,  378,  Joseph  Henry,  "  On  the  Phenomena  of  the  Leyden  Jar."  The  effect 
of  the  oscillatory  discharge  on  a  magnetized  needle  is  clearly  described  in  this 
paper. 

>^  See  Lord  Bayleigh  (Hon.  J.  W.  Strutt),  "On  Some  Electromagnetic 
Phenomena,"  Phil.  Mag.^  ser.  4,  vol.  38,  p.  8 ;  also  PhiL  Mag.,  1870,  ser.  4,  vol. 

89,  p.  431. 

B*  Prof.  E.  Rutherford,  "  A  Magnetic  Detector  of  Electrical  Waves  and  Some 
of  its  Applications,"  Phil.  Trans.  Boy.  Soc.  Lond.,  1897,  vol.  189,  A.,  p.  1 ;  also 
Proc.  Boy.  Soc.  Lond.,  1896,  vol.  60,  p.  184. 
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placed  inside  the  oscillation  coil,  and  a  small  magnetic  needle  with 
attached  mirror  set  up  near  its  end.  The  residual  magnetism  in  the 
bundle  of  steel  wires  caused  a  deflection  of  the  magnetometer  needle. 
Some  distance  away  a  Hertz  oscillator  was  set  up,  and  when  this 
was  in  action  the  oscillations  created  in  the  receiver  rods  caused  a 
partial  demagnetization  of  the  steel  detector  needle,  and  a  correspond- 
ing deflection  of  the  magnetometer  needle.  These  experiments  were 
conducted  at  Cambridge  (England)  in  1895,  and  Butherford  found 
he  was  able  to  affect  the  above  described  detector  when  the  Hertz 
oscillator  was  at  a  distance  of  half  a  mile  away  across  the  town. 
Butherford  employed  this  magnetic  detector  for  examining  many 
phenomena  connected  with  electric  oscillations,  and  in  particular 
investigated  by  its  aid  the  damping  of  electric  oscillations  as  already 
described  (see  Chap.  III.  §  4). 

In  1897  Professor  E.  Wilson  took  up  the  subject  and  constructed 
a  detector  consisting  of  a  bundle  of  fine  steel  wires,  wound  over  with 
two  helices  of  insulated  wire,  one  to  convey  the  electric  oscillations 
and  the  other  to  carry  a  magnetizing  current.  His  object  was  to 
be  able  to  remagnetize  the  detector  by  a  battery  current  without 
removing  it .  from  its  place,  and  he  also  patented  an  arrangement 
whereby  the  deflection  of  the  magnetometer  needle  closed  a  circuit 
which  remagnetized  the  detector  needle  and  left  it  ready  to  detect 
another  wave  or  oscillation.^ 

Success  in  these  experiments  depends  upon  attention  to  the 
details  of  construction  of  the  detector  needle.  The  steel  wire  used 
must  be  exceedingly  thin.  As  the  demagnetizing  oscillations  are  very 
rapid,  their  magnetizing  effect  penetrates  but  a  very  little  way  into 
the  mass  of  the  metal,  and  therefore  the  proportion  of  the  magnetism 
removed  will  be  very  small  unless  the  wires  are  exceedingly  thin.  In 
the  next  place,  the  bundle  must  be  short,  so  that  the  self -demagnet- 
izing force  is  large,  and  under  these  conditions  the  residual  magnetism 
is  easily  wiped  out. 

The  effect  observed  is  that  due  to  the  first  oscillation,  the  magnet- 
izing direction  of  which  is  such  as  to  tend  to  annul  the  existing 
residual  magnetization  of  the  iron. 

In  1902  Mr.  Marconi  described  two  other  forms  of  magnetic 
cymoscope,  one  of  which  he  has  since  used  extensively  for  long- 
distance electric  wave  telegraphy.^  These  instruments  depend  upon 
the  fact  that  when  electric  oscillations  take  place  in  a  coil  surround- 
ing an  iron  wire  which  ia  placed  in  a  varying  magnetic  field  they 
change  its  magnetization.  The  first  form  of  detector  described  by 
Marconi  is  as  follows :  On  a  rod  or  core  consisting  of  thin  iron  wires 
are  wound  one  or  two  layers  of  thin  insulated  copper  wire.  On  this 
winding  insulating  material  is  placed,  and  over  this  again  another 
longer  winding  of  insulated  copper  wire.  The  inner  core  is  traversed 
by  the  electrical  oscillations,  and  when  used  as  a  telegraphic  cymo- 
scope is  connected  in  between  the  aerial  wire  and  the  earth. 

•*  See  British  Patent  Specification,  E.  Wilson  and  G.  J.  Evans,  No.  80,846  of 
1897  ;  also  The  Electrician,  June  12, 1908,  vol.  51,  p.  830. 

**  See  0-.  Marconi,  **  Note  on  Magnetic  Detector  of  Electric  Waves  which  can 
be  employed  as  a  Beceiver  in  Space  Telegraphy,"  Proc.  Roy.  Soc,  Lond.,  1902, 
vol.  70»  p.  841 ;  or  British  Patent  Specification,  No.  10,246,  of  1902. 


496   DETECTION  AND  MEA8UBEMENT  OP  ELECTRIC  WAVES 

The  other  coil  is  conDected  to  a  telephoae.  Near  the  ends  of  the 
'core  is  placed  a.  horseshoe  permaoeDt  magnet,  which  is  made  to 
rotate  slowly  by  clookworki  (see  Big.  20).  IE  then  the  inner  coil  is 
traversed  by  a  train  of  electrical  oscillations,  the  magnetic  state  of 
the  iron- wire  bundle  is  suddenly  altered,  and  a  sudden  click  or  sound 
is  beard  in  the  telephone.  If  trains  of  oscillations  are  sent  for  longer 
or  shorter  periods,  these  sounds  in  the  telephone  run  together  into  ft 
continuous  sound,  and  long  and  short  sounds  may  be  arranged  into  a 
code  of  audible  signals  on  the  Morse  system. 

Marconi  found  that  a  better  and  more  convenient  plan  was  one 
in  which  the  iron  moves  and  the  magnet  remains  fixed.  In  this 
second  arrangement  (see  Fig.  21)  there 
are  two  wooden  discs,  s,  e,  grooved  on  the 
edge,  and  these  are  driven  round  slowly  by 
clockwork.  An  endless  band,  a,  made  of  a 
bundle  of  fine  silk-covered  iron  wires,  is 
arranged  hke  a  belt  over  these  wooden 
pulleys,  and  the  multifold  iron  band  moves 
forward  at  the  rate  of  7  or  8  cms.  per  second. 


At  one  or  more  places  the  iron  hand  passes  through  glass  tubes,  g,  b. 
These  are  wound  over  with  a  coil  of  insulated  wire,  through  which 
the  electric  oscillations  pass,  whilst  over  this  is  wound  a  longer  coil 
of  insulated  wire,  e,  connected  to  a  telephone,  T.  A  pair  of  horseshoe 
magnets  are  placed  with  similar  poles  together  opposite  the  last- 
mentioned  coil. 

When  the  band  is  driven  forward  the  portion  of  the  band  nearly 
opposite  to  the  magnet  poles  heeomes  magnetized,  but,  owing  to 
magnetic  retentivity  or  hysteresis,  that  portion,  in  virtue  of  the  motion 
of  the  band,  is  shiftfid  forward  in  the  direction  of  rotation,  and  is  not 
therefore  situated  symmetrically  with  respect  to  the  poles.  If  an 
electric  oscillation  passes  through  the  oscillation  coil,  it  causes  a 
sudden  change  in  the  magnetic  state  of  that  ^rt  of  the  iron  band 
lying  within  it.     This  change,  in  turn,  whether  it  be  an  increase  or  a 
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decrease  of  magnetization ,  generates  an  induced  current  in  the 
embracing  coil  connected  to  the  telephooe.  This  creates  a  sound  in 
the  telephone.  The  extreme  Bensitiveness  oF  the  telephone  to  induced 
currents  bestows  upon  the  whole  apparatus  a  very  great  power  of 
detecting  feeble  electrical  oscillations.  When  used  to  detect  electric 
waves,  the  oscillation  coil  is  connected  in  between  two  aerial  wires  or 
between  one  aerial  wire  and  the  earth. 

The  sensitiveness  of  the  instrument  greatly  depends  upon  the 
setting  of  the  magnets.  Several  demagnetizing  coils  may  be  used 
on  the  same  band  of  iron,  each  overwound  with  a  telephone  coit, 
and  these  latter  may  be  joined  in  either  series  or  parallel. 

Mr.  Marconi  states  that  this  mEignetic  detector  is  more  sensitive 
and  certain  in  its  action  and  much  more  easy  to  adjust  than  any 
coherer,  and  more  suitable  for  use  in  syntonic  telegraphy. 


[By ptrmiition  of  Mircmi't  Virtlett  Telfffrapk  Co.,  Ltd. 

Fio.  22. — Marconi  Magnetic  Detector.    Double-coil  type. 

This  magnetic  detector  has  many  practical  advantages,  as  it  does 
not  require  any  local  battery  to  actuate  it,  and  is  portable  and  easy 
to  adjust.  Its  invention  was  not  only  a  stroke  of  genius,  but  involves 
as  well  a  very  interesting  scientific  principle.  A  view  of  the  most 
recent  form  of  this  Marconi  magnetic  detector  is  shown  in  Fig.  22. 

Professor  E.  Wilson  56  also  constructed  a  magnetic  detector,  con- 
sisting of  a  bundle  of  irou  wires  carried  through  a  cycle  of  alternately 
reversed  magnetism  by  a  periodic  electric  current.  On  this  bundle 
was  also  wound  a  coil,  through  which  the  oscillations  passed, 
and  a  third  coil  in  series  with  a  telephone.  Owing  to  retenttvity, 
the  magnetic  changes  in  the  iron  lag  behind  the  magnetizing 
force.  The  action  of  the  oscillatory  field  is  to  assist  the  magnetic 
changes  when  the  magnetism  is  changing  along  the  steep  part  of  the 

••  See  Prot.  B.  Wilson,  BritUk  Aaaocialiim  Beporl,  1902;  or  The  Ekctrician 
vol.  49,  p.  917,  September  36,  1902;  or  British  Patent  Specification,  No.  14,829 
otl902. 
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cyclical  curve,  and  this  makes  a  change  in  the  induction  or  flux 
linked  with  the  secondary  coil,  and  this,  again,  makes  itself  felt  as  a 
sound  in  the  telephone. 

The  author  has  also  devised  a  form  of  magnetic  detector  suitable 
for  quantitative  work,  made  as  follows  ^  : — 

On  a  pasteboard  tube,  about  0*75  of  an  inch  (18  mm.)  in  diameter 
and  5  or  6  inches  long  (15  cms.),  are  placed  six  bobbins  of  hard  fibre, 
each  of  which  contains  about  6000  turns  of  No.  40  silk-covered  copper 
wire  (see  Fig.  2Sa).     These  bobbins  are  joined  in  series,  and  form  a 


i        M       4        4 


Fig.  23a. 


From,  *'  Vit  SlectriccU  Maganne.** 

Fig.  286. 

Fleming  Magnetic  Cvmosoope.  Fig.  28a. — Bobbin,  Gores,  and  Commutator. 
Fig.  286. — A  Single  Iron  Wire  Gore  overwoand  with  Magnetizing  and  De- 
magnetizing Solenoids. 


well-insulated  secondary  coil,  having  a  resistance  of  about  6000  ohms. 
In  the  interior  of  this  tube  are  placed  seven  or  eight  small  bundles  of 
iron  wire,  each  about  6  inches  in  length,  each  bundle  being  composed 
of  eight  wires.  No.  26  S.W.G.  in  size,  previously  well  paraffined  or 
painted  with  shellac  varnish.  Each  little  bundle  of  iron  is  wound 
over  uniformly  with  a  magnetizing  coil  formed  of  No.  36  silk-covered 
copper  VTire  in  one  layer,  and  over  this,  but  separated  from  it  by  one 
or  two  layers  of  gutta-percha  tissue,  is  wound  a  single  layer  of  No.  26 
wire,  forming  a  demagnetizing  coil.  This  last  coil  is  in  turn  covered 
over  with  one  or  two  layers  of  gutta-percha  tissue  (see  Fig.  23^). 
The  magnetizing  or  inner  coils  are  connected  in  series  with  one 

**  See  J.  A.  Fleming,  '*  A  Note  on  a  Form  of  Magnetic  Detector  for  Hertzian 
Waves  adapted  for  Quantitatiye  Work,"  Proc,  Boy,  Soc,  Lond.,  1908,  voi«  74, 
p.  898. 
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another,  so  that  when  a  current  passes  through  the  whole  of  them, 
it  magnetizes  the  whole  of  the  wires  in  such  a  manner  that  contiguous 
ends  have  the  same  polarity.  The  outer  or  demagnetizing  coils  are 
joined  in  parallel.  Associated  with  this  induction  coil  is  a  rotating 
commutator,  G,  consisting  of  a  number  of  hard  fibre  discs,  secured  on 
a  steel  shaft,  which  is  rotated  by  an  electric  motor  about  500  times  a 
minute.  There  are  four  of  these  fibre  discs,  and  each  disc  has  let 
into  its  periphery  a  strip  of  brass,  occupying  a  certain  angle  of  the 
circumference.  These  wheels  may  be  distinguished  as  Nos.  1,  2,  3, 
and  4.  The  brass  sector  of  No.  1  occupies  95^  of  its  circumference ; 
and  brass  sectors  of  Nos.  2  and  3  occupy  135^  of  their  circumference  ; 
and  that  of  No.  4  disc  140^  of  its  circumference.  Four  httle  springy 
brass  brushes,  S^,  Sj*  S3,  84,  make  contact  with  the  circumference  of 
these  wheels,  and  therefore  serve  to  interrupt  or  make  electric  circuits 
as  the  disc  revolves.  The  function  of  the  disc  No.  1  is  to  make  and 
break  the  circuit  of  the  magnetizing  coils  placed  round  the  iron  bundles, 
and  thus  to  magnetize  them  during  a  portion  of  one  period  of  rotation 
of  the  disc  and  leave  them  magnetized  during  the  remaining  portion. 
The  function  of  discs  ^  and  3  is  to  short-circuit  the  terminals  of  the 
secondary  coils  of  the  bobbin  during  the  time  that  the  magnetizing 
current  is  being  applied  by  disc  No.  1.  A  sensitive  movable  coil 
galvanometer,  G,  is  employed  in  connection  with  the  secondary  coil, 
one  terminal  of  the  galvanometer  being  permanently  connected  to  one 
terminal  of  the  secondary  coil,  and  the  other  terminal  connected 
through  the  intermittent  contact  made  by  the  disc  No.  4.  This  disc 
No.  4  is  so  set  that  during  the  time  that  the  secondary  coil  is  short- 
circuited,  and  whilst  the  battery  current  is  being  applied  to  magnetize 
the  iron-wire  bundles,  the  galvanometer  circuit  is  interrupted  by  the 
contact  on  disc  No.  4. 

The  operations  which  go  on  during  one  complete  revolution  of  the 
discs  is  as  follows:  First  the  magnetizing  current  of  a  battery  of 
secondary  cells  is  applied  to  magnetize  the  iron  bundles,  and  during 
the  time -the  terminals  of  the  fine-wire  secondary  coil  are  short- 
circuited,  and  the  galvanometer  is  disconnected.  Shortly  after  the 
magnetizing  current  is  interrupted,  the  secondary  bobbin  is  unshort- 
circuited,  and  an  instant  afterwards  the  galvanometer  circuit  is  com- 
pleted, and  remains  completed  during  the  remainder  of  one  revolution. 
Hence,  during  a  large  part  of  one  revolution,  the  iron-wire  bundles 
are  left  magnetized,  but  the  magnetizing  current  is  stopped,  and  the 
galvanometer  is  connected  to  the  secondary  coil.  If  during  this 
period  an  electrical  osciUation  is  passed  through  the  demagnetizing 
coils,  an  electromotive  force  is  induced  in  the  secondary  bobbin  by 
the  demagnetization  of  the  iron,  and  causes  a  deflection  of  the  galvano- 
meter coU.  Since  the  interrupter  discs  are  rotating  very  rapidly, 
if  the  electrical  oscillation  continues,  these  intermittent  electromotive 
impulses  produce  the  effect  of  a  continuous  current  in  the  galvano- 
meter circuit,  resulting  in  a  steady  deflection,  which  is  proportional 
to  the  demagnetizing  force  being  applied  to  the  iron,  other  things 
remaining  equal.  If  the  oscillation  lasts  only  a  very  short  time,  the 
galvanometer  will  make  a  small  deflection ;  but  if  the  oscillation  lasts 
for  a  longer  time,  then  the  galvanometer  deflection  is  larger,  and  tends 
to  become  steady. 
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In  the  numerous  experiments  which  finally  resulted  in  the  con- 
struction of  the  above-described  form  of  wave  detector,  it  was  foimd 
to  be  essential  to  have  the  iron  core  in  the  form  of  a  number  of  small 
bundles  of  iron  wire,  each  wound  over  with  its  own  magnetizing  and 
demagnetizing  coil.  No  good  results  could  be  obtained  when  the 
iron  core  was  in  the  form  of  a  large  bundle,  say  half  an  inch  in 
diameter,  and  enveloped  by  a  single  magnetizing  and  demagnetizing 
coil. 

Another  condition  of  success  is  the  short-circuiting  of  the  fine-wire 
secondary  coil  during  passage  of  the  current  which  effects  the  magneti- 
zation of  the  iron  core.  The  core  can  be  indefinitely  increased  in 
size,  provided  the  augmentation  of  mass  is  obtained  by  multiplying 
small  individual  cores,  each  consisting  of  not  more  than  eight  or  ten 
fine  iron  wires,  and  each  wound  over  with  a  separate  magnetizing 
and  demagnetizing  coil.  The  electromotive  force  in  the  secondary 
coil  can  in  this  manner  be  increased  as  much  as  is  desired,  and  a  very 
sensitive  electric  wave  detector  suitable  for  quantitative  work  con- 
structed. The  commutator  can  be  driven  either  by  an  electric  motor 
or  clockwork,  or  any  other  source  of  power. 

This  detector  has  been  employed  by  V.  Buscemi  (see  Nuovo  Gimefiio, 
February,  1905,  vol.  9,  p.  106)  for  quantitative  measurements  on  the 
transparency  of  various  dielectrics.  An  oscillator  was  placed  in  a 
metal  box  having  a  rectangular  opening  35  X  ^  nim.  in  size,  and 
over  this  was  placed  a  glass  trough  filled  with  various  liquids  to  the 
depth  of  6  mm.  The  following  table  shows  the  deflection  of  the 
galvanometer,  which  was  connected  to  a  Fleming  magnetic  cymoscope 
as  above  described : — 

Liquid  or  dielectric  in  Qalvanometer  deflectlttn 

trough.  in  millimetres. 

Air 21 

Vaseline 22 

Petroleum 16 

Benzine 17 

^ther 12  • 

Sulphuric  aoid 0 

Hydrochloric  acid 0 

Kitric  acid 0 

Distilled  water 7 

Sea  water 0 

Sodium  chloride  in  water,  0*5  per  cent,  solution  .     .       1*6 

Ditto,  over  1  per  cent,  solution 0 

Professor  Wilson  states  ^7  that  Eutherford  employed  a  moving 
band  of  iron  wire  in  a  magnetic  detector  in  1900  or  1901.  Also,  it 
has  been  asserted  that  Professor  Fessenden,  in  the  United  States,  was 
an  early  worker  in  this  field  of  research. 

A  very  large  amount  of  research  has  been  conducted  of  late  years 
directed  to  the  more  complete  elucidation  of  the  action  of  the  magnetic 
detector.  There  is  a  close  similarity  between  the  action  of  mechanical 
shock  or  torsion  upon  magnetic  state  or  properties  of  iron  and  the 
effects  produced  by  electrical  oscillations.  An  explanation  at  one 
time  given   of    Marconi's   second  form   of  magnetic  detector  was 

'7  See  E.  Wilson,  *'  On  Magnetic  Detectors  in  Space  Telegraphy,"  IllustrcUed 
Scientific  News,  August,  1903. 
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based  upon  the  assumption  that  magnetic  retentivity  is  reduced  by  a 
high  frequency  oscillation. 

A  reduction  in  magnetic  hysteresis  does  not  invariably  accompany 
the  action  of  the  electric  oscillations  on  iron  or  steel.  Walter  and 
Ewing  discovered  that  in  hard  steel  an  increase  of  hysteresis  results 
when  oscillations  are  sent  through  the  metal.  Their  experiments 
were  made  with  an  apparatus,  described  below,  in  which  a  steadily 
revolving  magnetic  field  tends  to  cause  rotation  in  an  iron  or  steel 
specimen  suspended  in  it  owing  to  the  magnetic  hysteresis.  The 
torque  so  produced  is  resisted  by  the  control  of  an  elastic  spring. 
When  electric  oscillations  were  passed  through  a  closed  coil  of  hard- 
drawn  insulated  steel  vnre,  used  as  a  specimen  in  such  a  manner,  it 
was  found  that  the  hysteresis  of  the  metal  was  increased,  and  that  it 
tended  to  twist  more  in  the  direction  of  rotation  of  the  magnet.  We 
take  the  following  description  of  their  investigations  from  a  paper 
read  before  the  Eoyal  Society  ^ : — 

*'  A  small  bobbin  was  wound  with  insulated  soft  iron  wire,  and  the  end  sol- 
dered to  the  upper  and  lower  halves  of  a  spindle  which  was  itself  divided  at  the 
centre,  the  upper  half  bearing  a  controlling  spring,  and  the  lower  dipping  into 
mercury,  from  which  a  connection  led  to  the  other  terminal.  On  passing  oscilla- 
tions through  this  winding  a  remarkable  and  unexpected  result  was  obtained. 
The  change  of  deflection  was  much  more  marked  than  in  the  former  experiments, 
and  was  in  the  opposite  sense,  indicating  an  increase  of  hysteresis  while  oscillations 
were  present.  Afterwards,  hard  steel  wire  was  substituted  for  the  soft  iron,  and 
a  very  great  increase  in  the  effect  was  observed,  still  in  the  same  direction — that 
of  increase  of  hvsteresis. 

'*  Owing  to  these  encouraging  results,  it  was  decided  to  continue  the  experiments 
in  this  direction,  abandoning  the  older  form,  in  which  a  decrease  of  hysteresis  was 
dealt  with.  The  first  bobbin  constructed  was  about  ^  inch  in  external  diameter, 
and  had  a  vertical  wire  space  of  |  inch.  The  winding  was  a  single  No.  82-gauge 
iron  wire,  double  cotton-covered,  wound  straight  round  from  beginning  to  end. 
Later,  No.  40  and  No.  46  steel  wires  were  employed,  of  which  the  latter  gave  the 
best  results. 

"  It  was  soon  noticed  that  any  method  of  increasing  the  oscillatory  current  in 
the  wires,  as  by  winding  the  bobbin  with  two  wires  having  a  slightly  unequal 
number  of  turns,  was  of  advantage  in  giving  a  larger  deflection.  Later,  a  fine 
copper  wire  secondary,  wound  on  the  bobbin  parallel  to  the  magnetic  wire,  was 
tried,  first  with  the  ends  insulated  and  then  with  the  ends  soldered  together.  A 
marked  increase  in  deflection  was  observed  when  the  secondary  was  closed,  showing 
that  the  magnetic  nature  of  the  wire  itself  was  influential.  Accordingly,  a  bobbin 
was  then  wound  with  insulated  steel  wire,  doubled  back  on  itself.  This  non- 
inductive  winding  gave  by  far  the  best  results  hitherto  attained,  and  is  now  used, 
except  when  special  results  are  required. 

"  The  instrument,  though  described  as  a  detector  of  electrical  oscillations,  may 
be  said  to  measure  rather  than  detect,  giving  quantitative  as  well  as  qualitative 
results,  and  being  capable  of  regulation  from  a  sensibility  of  the  same  order  as 
that  of  an  average  coherer,  down  to  practical  insensibility  to  powerful  sparks  in 
the  same  room. 

'*  In  the  instrument  (see  Fig.  24)  the  electro-magnet  takes  the  form  of  a  ring 
capable  of  moving  round  a  vertical  axis,  and  is  provided  on  the  interior  with  two 
long  wedge-shaped  pole  pieces,  M,  M,  the  current  to  the  winding  being  supplied 
through  brushes  bearing  against  insulated  rings  below.  The  magnet  is  made  to 
revolve  by  an  electro-motor,  the  best  speed  being  about  five  to  eight  revolutions 
per  second,  but  the  electro-magnet  may  be  replaced  by  a  permanent  magnet 
system  giving  a  similar  field.  A  structure  is  built  up,  external  to  the  magnet,  to 
support  the  vessel  containing  the  pivoted  bobbin  and  its  centring  arrangements. 
The  bobbin  itself  is  made  of  bone,  and  is  about  2  inches  long.    It  is  provided  with 

»•  See  L.  H.  Walter  and  J.  A.  Ewing,  Proc.  Roy.  Soc.  L<md.,  1904,  vol.  73 
(p.  120). 
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a,  still  spindle  at  each  end  bearing  in  a  jewelled  hole,  the  two  halves  of  the  spindle 

being  insulated  from  one  another.    The  winding,  which. is,  as  fv  as  possible,  noD- 

inductive,  consists  of  about  600  turns  of  No,  IG-gsuge  hard-diawn  steel  wire, 

insulated  with  silk.    The   bobbin  is  immersed   in   petroleum,  or  a  mixture  of 

petroleum  with  tbicjcs'  mineral  oil.  which 

serves  the  double  puiposa  of  fortifying  the 

Insulation,  and  giving  the  dtunping   effect 

necessary  to  steady  the  deflaotion  due  to  the 

drsg  of  the  revolving  magnet.     Readings  are 

taken  by  metuu  of  ■  spot  of  light,  aa  with 

speaking  mirror  galvanometers,  bnt  a  siphon- 

reoording  attachment  has   been  fitted,  and 

any  form  of  contact   for  working  a  relay 

can  be  employed. 

"  The  deteotor,  as  before  meationed,  gives 

attontitative  readings,  and  in  some  cases  the 
eflection  may  be  too  large  to  be  easily  read 
by  the  scale.  For  this  purpose  a  variable 
shunt  te  provided,  by  which  the  deflection 
can  be  regulated. 

"  For  the  purpose  of  witeleas  telegraphy, 
(be  instrument  has  the  advantage  of  giving 
metrical  eSects.  The  benefit  of  this  in 
facilitating  toning,  and  in  other  respects, 
need  not  be  insisted  upon. 

"  From  the  physical  point  of  view,  the 

augmentation  of  hysteresis  is  interesting  and 

unlooked  for.    It  is  probably  to  be  ascribed 

to  this,  that  the   oscillatory  circular  mag- 

netinatioD  facilitates  the  longitudinal  mag- 

L'      nj      nr  i>         a  e._<  netizing  process,  enabling  the  steel  to  take 

K.a.ai.-WalterandEwlng  ^    «^t  l^gBX   ms^otiation  at   each 

Magnetic  Detector.  ,^„^,  ^han  it  woulHtberwise  take,  and 

thus   indirectly  augmenting  the  hysteresis 

to  such  an  extent  that  the  direct  influence  of  the  oscillations  in  reducing  it  is 

overpowered.     The  net  result  appears   to   be  dependent   on   two   antagoolsUo 

influences,  and,  in  fins  steel  wire,  under  the  conditions  of  our  experiment,  the 

Influence  making  for  increased  hysteresis,  as  a  result  of  the  increased  range  of 

magnetic  induction,  is  muoh  the  more  powerful." 

10.  References  to  Other  Work   on    Hagnetio  Deteoton.— 

Experiments  have  beeo  made  by  A,  L.  Foley**  to  ascertain  the 
effect  of  substituting  otiier  magnetic  metals  for  iron  in  the  Marconi 
form  of  magnetic  detector.  He  found  that  nickel  wires  could  be  used 
in  place  of  iron,  and  states  that  a  mixed  core  or  band  composed  partly 
of  nickel  and  partly  of  iron  wires  acted  better  than  one  of  either  metal 
alone.  Probaoly  in  view  of  the  well-known  fact  that  some  varieties 
of  tungsten  steel  possess  very  large  hysteresis  constants,  it  may  be 
found  that  some  iron  alloys  wDl  do  better  for  this  purpose  than  pure 
iron  wire,  even  it  hardened.  MM.  H,  T.  Simon  and  M.  Beich  have 
made  interesting  experiments  with  a  combination  of  magnetic  wave 
detector  and  a  Poulsen  telegraph one.<w 

If  a  steel  wire  is  uniformly  magnetized  by  passing  it  over  a 
magnetic  pole,  and  if  this  wire  is  then  sent  through  a  short  glass  tube, 
on  which  is  wound  a  coil  of  insulated  wire,  through  which  trains  of 
electric  osoUlations  are  sent  at  intervals  for  a  longer  or  shorter  time, 

"  See  A.  L.  Foley,  Fhyiical  Review,  1904,  vol.  18,  p.  849 ;  also  Sdemx 
AbslracU,  1904,  vol.  7,  A.,  p.  460. 

"  See  Elcklrotechniache  ZeitseknU,  1904,  vol.  22,  p.  180 ;  or  Science  Abetratdt, 
1904,  vol,  7,  B.,  p.  426. 
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• 

each  train  wipes  out  the  magnetism  of  the  iron  wire  in  that  part  which 
is  at  the  moment  within  the  coil.  Hence,  if  the  wire  passes  uniformly 
through  the  coil  we  can,  so  to  speak,  obliterate  the  magnetism  for  long 
or  short  spaces,  in  accordance  with  the  signals  ot  the  Morse  alphabet 
by  so  regulating  the  duration  of  the  trains. 

If  this  steel  wire  is  then  passed  uniformly  through  the  receiving 
or  repeater  part  of  a  Poulsen  Telegraphone,  the  listener  in  the 
attached  telephone  hears  these  signals  as  sounds  in  the  telephone, 
and  the  wire  becomes  a  record  of  the  message,  like  the  Morse  tape  of 
a  printing  telegraph. 

Other  investi^tions  have  also  been  made  by  M.  G.  Tissot,  on 
forms  of  magnetic  detector  suitable  for  the  detection  of  electrical 
oscillations.  (See  GomptBS  Rendus,  1903,  voL  136,  p.  361 ;  or  Sciefice 
Abstracts,  1904,  vol.  7,  A.,  p.  107.)  Also  we  may  note  a  paper  by 
M.  Maurain,  on  the  "  Suppression  of  Magnetic  Hysteresis  by  the 
Action  of  an  Oscillatory  Magnetic  Field  **  (Oomptes  Bendus,  1903,  vol. 
137,  p.  917 ;  or  Science  Abstracts,  1904,  vol.  7,  A.,  p.  108). 

M.  P.  Duhem  has  also  discussed  the  changes  in  the  hysteresis  by 
an  oscillatory  magnetic  field  {Gomptes  Rendus,  1903,  vol.  137,  p.  1022; 
or  Science  Abstracts,  1904,  vol.  74,  p.  108). 

A.  Sella  {Accad.  Lincei  Alti,  1903,  vol.  12,  p.  340;  or  Science 
Abstracts,  1904,  vol.  7,  A.,  p.  344)  has  noticed  that  electric  oscillations 
can  also  annul  the  magnetic  hysteresis  due  to  deformation  by  twist- 
ing, or,  as  it  is  called,  the  magneto-elastic  hysteresis. 

A  good  general  account  of  the  various  forms  of  magnetic  detector 
which  were  devised  up  to  1905  was  given  by  L.  H.  Walter  in  Technics 
for  August,  1905,  and  also  in  the  Electricat  Magazine  for  December, 
1906,  vol.  4,  p.  359. 

Forms  of  magnetic  detector  for  wireless  telegraphy  have  been 
devised  by  Lee  de  Forest,  Shoemaker  and  others,  for  descriptions  of 
which  the  reader  must  consult  the  following  United  States  Patent 
Specifications :— Lee  de  Forest,  No.  772,878,  June  20,  1903.  This 
describes  a  magnetic  detector  with  a  divided  core  similar  to  the  one 
previously  described  by  the  author  (see  p.  498). 

H.  Shoemaker,  No.  711,182,  September  5, 1902,  and  No.  734,476, 
January  8, 1903. 

The  theory  of  the  magnetic  detector  in  its  various  forms  has  been 
discussed  by  L.  H.  Walter,«i  W.  H.  Eccles,«2  J.  Russell,*^  and  C. 
Maurain,<M  and  contributions  to  the  discussion  have  also  been  made 
by  Ascoli,  Am6,  Piola,  and  P.  Duhem. 

Bussell  has  carefully  distinguished  between  the  two  conditions 
under  which  we  can  work. 

(i.)  Iron  or  steel  may  be  placed  in  a  constant  magnetic  field,  and 
then  subjected  to  the  action  of  electric  oscillations. 

*^  See  L.  H.  Walter  on  **The  Effect  of  Slectrio  Osoillations  on  Magnetism/* 
The  Electrician,  vol.  55,  p.  88,  1905. 

**  W.  H.  Eccles,  "  The  Effect  of  Electrical  OsoillationB  on  Iron  in  a  Magnetic 
Field,"  Proe.  Phy$.  Soc,  Land.,  vol.  20, 1906,  or  Phil.  Mag.,  Augnst,  1906. 

*'  J.  Russell,  **  Note  on  the  Effect  of  Electric  Oscillations  on  the  Magnetic 
Properties  of  Iron,"  Proe,  Boy.  Soc.  Edin.,  vol.  26,  p.  53, 1906-1906. 

*^  G.  Manrain,  "  Magnetic  Detectors  and  the  Effect  of  Electric  Oscillations  on 
Magnetism,"  Jaum.  de  Physique,  vol.  6,  p.  25, 1907  ;  or  Science  Abstracts,  A.,  vol. 
10, 1907,  No.  479. 
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(ii.)  Iron  or  steel  may  be  subjected  to  continuing  electric  oscilla- 
tions, and  then  the  magnetic  field  around  it  changed. 

In  the  case  of  Eutherford's  experiment,  hard  iron  or  steel  haying 
considerable  retentivity  is  subjected  to  a  magnetic  force,  which  is 
then  removed,  leaving  remanent  magnetization  in  the  iron.  The 
action  of  oscillations  taking  place  round  the  iron  is  then  always  to 
remove  or  diminish  this  magnetization,  and  this  can  be  detected  by  a 
change  in  the  position  of  a  suspended  magnetic  needle  in  the 
neighbourhood. 

In  Marconi's  first  form  of  magnetic  detector,  a  horseshoe  magnet 
is  rotated  slowly  (about  one  turn  in  two  seconds)  over  a  thin  bundle 
of  hard  iron  wires,  which  are  surrounded  by  two  separate  coils  of 
wire.  The  iron  is  thus  carried  slowly  through  a  cycle  of  magnetizing 
force  of  equal  positive  and  negative  values.  The  magnetization 
induced  in  the  iron  lags  behind  the  magnetizing  force  in  virtue  of 
so-called  hysteresis,  and,  therefore,  if  ordinates  representing  the 
magnetization  are  plotted  out  in  terms  of  the  magnetizing  force  as 
abscisssB,  we  obtain  a  magnetization  curve  of  the  well-known  looped 
form.  The  area  of  this  loop  is  proportional  to  the  work  expended  in 
carrying  the  iron  through  one  complete  magnetic  cycle.  Eussell 
states,  as  the  result  of  his  experiments,  that  if  oscillations  act  con- 
tinuously on  the  iron  whilst  it  is  being  carried  round  the  magnetic 
cycle,  the  area  of  this  loop  is  greatly  increased,  thus  showing  an 
increase  in  hysteresis  loss.  If  the  oscillations  come  intermittently, 
as  they  vsrould  do  in  radiotelegraphic  signalling,  then  the  effect 
depends  upon  the  particular  point  in  the  cycle  at  which  the  oscilla- 
tions arrive.  The  result,  in  any.  case,  is  to  produce  a  sudden  change 
ia  the  magnetization  of  the  iron.  Hence,  if  the  oscillations  are  sent 
through  one  coil  wound  rouad  the  iron,  the  sudden  change  in  mag- 
netization produced  by  them  creates  induced  or  secondary  electric 
currents  in  another  coil  wound  over  the  oscillation  coil,  and  therefore 
causes  a  sound  in  a  telephone  in  series  with  the  latter  coil. 

In  Marconi's  iron  band  form  of  magnetic  detector  the  action  is 
somewhat  different.  The  band  is  passing  through  a  magnetic  field, 
so  as  to  be  always  subject  to  a  longitudinal  magnetizing  force,  which 
is  first  in  one  direction  and  then  is  quickly  reversed,  because  the  two 
horseshoe  magnets  are  placed  vrith  their  poles  near  the  wire  and  have 
similar  poles  in  contact.  Under  these  conditions,  Bussell  found  that 
the  effect  of  a  longitudinal  oscillatory  magnetic  force  is  to  increase  the 
magnetization  due  to  the  steady  force  by  an  amount  which  is  greater 
for  an  increasing  than  for  a  decreasing  field.  If  the  double  north 
poles  of  the  magnets  are  in  the  centre,  and  the  iron  moves  from  left 
to  right,  then  the  moving  iron  band  distorts  the  field,  and  the  effect 
of  the  oscillations  passing  round  the  iron  is  to  increase  the  magnetiza- 
tion of  the  iron  more  on  the  left  hand  than  on  the  right  of  the  north 
poles.  Both  these  effects  alter  the  number  of  lines  of  magnetic  flux 
through  the  secondary  coil  in  series  with  the  telephone,  and  therefore 
cause  an  induced  current  to  flow  through  it,  and  the  telephone  in 
series  emits  a  sound.  Hence,  Russell  considers  that  Marconi's  second 
form  of  magnetic  detector  acts  in  virtue  of  the  increase  of  magnetiza- 
tion in  iron  which  occurs  when  an  oscillatory  field  is  superimposed 
upon  a  slowly  changing  or  stationary  field  near  a  cyclic  extreme, 
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whereas  Butherford's  form  of  detector  operates  in  virtue  of  a  decrease 
of  magnetization  produced  when  the  magnetizing  force  has  been 
applied  and  has  been  removed. 

The  function  of  the. moving  band  is  twofold:  it  supplies  the  hard 
iron  or  steel  in  a  condition  of  low  permeability  to  be  raised  by  the 
oscillations  to  a  condition  of  higher  permeability,  and  it  distorts  the 
field  in  the  direction  of  motion.  Tbiis  view  is  rather  different  from 
that  taken  by  Marconi  himself  and  others,  who  have  expressed  the 
opinion  that  the  action  of  the  oscillations  i&to  annul  the  hysteresis  of 
the  iron. 

According  to  W.  H.  Eccles  {Phil,  Mag.,  August,  1906),  the  effect 
produced  when  a  bundle  of  iron  wires  is  token  slowly  round  a 
magnetization  cycle,  and  an  oscillatory  magnetizing  force  applied 
at  any  point,  is  to  bring  the  iron  back  to  the  condition  of  magnetiza- 
tion it  would  have  under  the  final  steady  impressed  magnetic  force 
acting  on  it  if  the  hysteresis  was  suddenly  annulled.  The  action  of 
the  oscillations  is  therefore  to  cause  a  return  to  the  normal  curve  of 
magnetization. 

In  the  Walter-Ewing  form  of  detector  we  have  different  magnetic 
conditions.  The  field  is  then  revolving  somewhat  rapidly,  so  that 
a  drag  is  produced  on  the  suspended  iron,  due  to  the  so-called  rota- 
tional hysteresis.  Oscillations  increase  this  hysteresis,  and  therefore 
the  deflection  of  the  suspended  iron  at  least  in  fairly  strong  fields. 

L.  H.  Walter  considers  that  all  magnetic  detectors  may  be  divided 
into  two  classes.  First,  those  in  which  the  oscillations  act  on  the 
iron  after  the  magnetizing  force  has  been  applied  and  withdrawn. 
Examples  of  this  type  are  the  original  Butherford  detector  .and  the 
Fleming  quantitative  detector  above  described.  In  this  case  the 
available  energy  is  limited  to  the  remanent  magnetism  in  the  core, 
and  the  action  of  the  oscillations  is  to  reduce  or  destroy  this  remanent 
magnetism.  The  second  class,  represented  by  Marconi's  moving  band 
detector,  derive  their  energy  from  an  external  magnetic  field  and  from 
the  motive  power  driving  the  band,  and  the  action  of  the  oscillations 
is  merely  to  release  some  of  this  energy.  If  the  iron  is  moving 
through  a  field  of  increasing  magnetic  force,  it  is  on  the  lower  side 
of  the  hysteresis  loop,  and  the  action  of  the  superimposed  oscillatorv 
field  is  to  increase  the  magnetization  when  not  actually  at  the  peak 
of  the  curve,  the  increasing  effect  being,  as  E.  Wilson  first  showed, 
greatest  at  or  near  the  point  of  inflection  of  the  lower  branch  of  the 
hysteresis  curve.  This  increase  in  magnetization  of  the  portion  of 
the  iron  band  partly  enclosed  by  the  coil  in  series  with  the  telephone 
creates  the  induced  current  in  the  latter.  We  may,  therefore,  in  a 
sense,  speak  of  this  increase  in  local  magnetization  of  the  iron  as 
due  to  an  annulment  of  hysteresis.  The  action  of  the  moving  band 
detector  is,  however,  essentially  dependent  on  the  supply  of  energy 
from  an  external  source  to  magnetize  the  iron  and  move  it  against 
the  magnetic  force.  The  action  of  the  oscillations  is  only  a  trigger 
action,  which  creates  a  sudden  increase  in  the  magnetic  flux  in  a 
part  of  the  iron  embraced  by  the  secondary  or  telephone  coil.  This 
causes  in  turn  induced  currents  to  flow  through  it,  first  one  way 
and  theu  the  other.  Accordingly,  with  the  band  detector,  the  only 
possible  signal  receiving  instrument  is  a  telephone,  unless  we  provide 
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some  means  of  sifdng  out  the  direct  from  the  iDverse  ioduced  current 
in  the  telephone  coil.  This  hoe  been  achieved,  however,  by  means 
of  one  of  the  author's  oscillation  valves  or  giow-Iamp  detectors, 
described  in  a  subsequent  section,  and.  by  its  use  it  is  possible  to 
obtain  from  a  Marconi  moving  band  magnetic  detector,  associated 
with  a  Reming  oscillatbn  valve  described  in  a  subsequent  section, 
intermittent  but  unidirectional  currents,  which  can  operate  a  relay, 
and  therefore  work  any  ordinary  telegraphic 
printing  instrument. 

Another  method  has  been  devised  by 
L.  H.  Walter,**  by  which  a  detector  of  the 
Walter-Ewing  type,  depending  upon  rota- 
tional hysteresis,  can  be  made  to  furnish 
continuons  currents.  In  this  case  oscilla- 
tions are  made  to  act  on  a  magnetic  mass 
undergoing  reversals  of  magnetism  in  a 
rotating  field  in  such  a  manner  that  the 
changes  of  magnetism  produced  by  the 
oscillations  create  alternating  induced  cur- 
rents in  embracing  coils  of  wire,  which  are 
rectified  by  a  commutator  in  the  usual 
dynamo  machine  manner.  The  inventor 
has  described  his  apparatus  as  follows : — 

Two  ebonite  bobbins,  B,  B  (see  Fig.  25), 
mounted  on  the  same  spindle,  are  rotated 
in  the  field  of  two  horseshoe  permanent 
magnets,  NS,  NS,  these  bobbins  being 
wound,  in  a  similar  manner  to  those  illus- 
trated in  oonneotion  with  the  pivoted  bobbin 
detector  previously  referred  to,  with  some 
feet  of  steel  wire  of  suitable  resistance.  A 
winding  of  two  coils,  W,  W,  at  right 
angles  to  one  another,  of  a  hundred  turns, 
is  placed  on  each  bobbin  at  right  angles  to 
,the  plane  of  the  steel  wire  winding,  as  in  a 
drum  armature,  corresponding  coils,  i.e. 
W  and  W,  W  and  W,  being  oonneoted  in 
^.^.  ^.  ^vich  a  way  that  the  E.M.F.'s  generated  are 

""  ""  equal  and  opposite.  The  ends  of  the  windings 

are  connected  to  the  segments  of  a  four-part  commutator,  C.  (For 
the  sake  of  clearness,  only  one  pair  of  corresponding  windings,  of  one 
turn  each,  is  shown  connected  in  Fig.  25.)  The  steel  wire  windings 
of  the  two  bobbins  are  exactly  alike,  the  ends  of  one  winding  being 
insulated,  while  those  of  the  other  are  connected  to  a  pair  of  slip- 
rings,  r,  r,  and  brushes,  by  means  of  which  the  oscillations  can  be 
passed  through  the  winding. 

On  testing  this  apparatus,  with  no  oscillations  acting,  there  was 
no  potential  difference  at  the  brushes.  On  waves  arriving,  a  steady 
deflection  of  the  galvanometer  was  obtained  in  a  direction  correspond- 
**  See  L.  H.  Walter,  "  On  %  Method  of  obtaining  Oontiuuous  Curteota  from  a 
Mognstic  Detector  of  the  Self-Kestodiig  Tvpe,"  Proe.  Boy.  Soe.  Ltmd.,  vol.  77,  A., 
p.  536, 1906. 
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ing  to  an  increase  of  E.M.F.  generated  by  the  armature  acted  upon 
by  the  oscillations.  By  suitably  proportioning  the  turns  in  the 
winding  the  sensibility  was  considerably  increased.  The  usual  speed 
employed  is  about  five  to  eight  revolutions  per  second.  Higher  speeds 
have  been  tried,  and  give  a  larger  effect,  but  the  zero  is  not  so  steady. 
Telephonic  signals  can,  of  course,  be  received  simultaneously  by  con- 
necting to  the  winding  at  some  point  before  the  E.M.F.  is  commutated. 
When  a  relay  alone  has  to  be  actuated,  however,  it  may  be  ad- 
vantageous to  so  arrange  matters  that  the  generated  £.M.F.'s  do  not 
exactly  balance,  and  a  small  initial  current,  insufficient  to  actuate  the 
relay,  passes  all  the  time  through  it.  The  change  can  be  rapidly 
effected  by  a  very  slight  shift  of  the  brushes.  •» 

A  further  discussion  of  the  action  of  electric  oscillations  upon 
magnetized  iron  has  been  given  in  another  paper  by  J.  Bussell,  in 
which  he  analyzes  and  compares  the  observations  of  W.  H.  Eccles 
and  G.  Maurain  with  his  own,  for  which  the  reader  must  be  referred 
to  the  original  papers  (see  J.  Bussell,  *'  The  Shift  of  the  Neuti^al 
Points  due  to  Variation  in  the  Intensity  of  Mechanical  Vibrations  or 
Electric  Oscillations  superposed  upon  Cyclic  Magnetization  in  Iron," 
Proc,  Roy,  Soc.  Edin.,  vol.  29,  p.  1,  1908.  Also  J.  Bussell,  "The 
Superposition  of  Mechanical  Vibrations  or  Electric  Oscillations  upon 
Magnetization,  and  conversely  in  Iron,  Steel,  and  Nickel,"  Trans, 
Roy,  Soc.  Edin.,  vol.  46,  p.  491,  1907). 

From  the  statements  made  in  the  above  paragraphs  it  will  be  seen 
that  investigators  differ  as  to  the  precise  explanation  of  the  mode  of 
action  of  certain  forms  of  magnetic  detector,  but  that  in  all  cases  the 
influence  of  a  high  frequency  oscillating  magnetic  force  upon  iron  or 
steel,  whether  merely  retaining  magnetization  or  else  subject  to  a 
certain  magnetic  force,  is  to  change  suddenly  its  magnetic  condition 
or  magnetic  properties.  Broadly,  it  may  be  said  that  the  influence  of 
electric  oscillations  upon  magnetized  iron  is  similar  in  effect  to  that 
due  to  mechanical  vibration. 

The  author  has  devised  an  instrument  called  by  him  a  Campograph 
(from  /ca/iTn;,  a  curve),  which  enables  the  hysteresis  loop  of  a  cyclically 
magnetized  iron  rod  to  be  photographed  (see  Froc.  Phys,  Soc,  Lon4., 
vol.  27,  p.  316, 1915).  By  means  of  this  an  investigation  was  made 
of  the  effect  of  electric  oscillations  on  the  magnetic  hysteresis  and 
permeabihty  of  iron  (see  Froc,  Fhys,  Soc.  Lond,^  vol.  28,  p.  35,  1915, 
Dr.  J.  A.  Fleming  and  Mr.  P.  B.  Coursey,  on  "  The  Effect  of  Electric 
Oscillations  on  the  Magnetic  Properties  of  Iron  ").  In  this  paper 
numerous  photographs  are  given  confirming  statements  made  above 
as  to  the  effect  of  electric  oscillations  on  the  hysteresis  and  magnetic 
permeability  of  iron  which  is  being  taken  round  a  cycle  of  magnetic 
force  whilst  at  the  same  time  it  is  subjected  to  electric  oscillations 
either  circulating  round  the  iron  or  else  through  it. 

Speaking  generally,  the  effect  of  applying  continuous  electric 
oscillations  to  an  iron  wire  being  taken  through  a  slowly  periodic 
magnetic  cycle  is  to  increase  the  hysteresis  and  area  of  the  B — H 
loop. 

11.  Eleotrolytic  Osoillation  Detectors.  —  A  third  class  of 
detectors  depend  for  their  operation  upon  the  power  of  electric 
oscillations  to  affect  electrolytic  conduction  or  the  passage  of  currents 
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through  electrolytes  when  cteated  by  some  independent  and  uni- 
directional electromotive  force.  One  of  the  earliest  observations  on 
this  matter  was  made  in  1898  by  A.  Neugschwender.««  He  deposited 
on  a  sheet  of  glass  a  strip,  of  silver,  and  divided  it  into  two  parts  by 
a  sharp  cut  about  0*3  mm.  wide  made  with  a  razor.  The  two  parts 
were  then  connected  in  series  with  a  battery,  telephone,  and  galvano- 
meter. If  the  glass  was  dry  no  current  passed,  since  the  silver  strip 
was  cut  in  the  middle.  If  a  film  of  moisture  was  deposited  on  the 
glass,  then  a  current  passed,  and  the  galvanometer  deflected.  Then, 
if  electric  waves  fell  upon  an  aerial  wire  or  collecting  wires  connected 
to  the  two  parts  of  the  divided  strip  of  silver,  and  set  up  oscillationa 
across  the  gap,  the  galvanometer  showed  a  sudden  decrease  in  the 
current,  and  a  sound  was  heard  in  the  telephone. 

The  same  phenomenon  was  investigated  by  E.  Aschkinass  ( Wieit 
Annalen,  vol.  67,  p.  842)  and  by  L.  de  Forest  in  1899.«7  The  latter 
found  that  tinfoil  gave  a  better  result  than  silver. 

The  above  observers  examined  the  effect  through  the  microscope, 
and  the  latter  saw  the  production  of  bridges  or  filaments  of  tin  pro- 
duced by  electrolysis  extend  across  the  narrow  gap.  The  operation 
of  the  oscillation  seems  to  be  to  break  up  these  **  trees  "  or  "  bridges  " 
of  metal,  and  so  suddenly  reduce  the  current  flowing  across  the  gap. 
Other  oscillation-detecting  devices  have  been  invented  which 
depend  upon  a  similar  action.  One  of  these  is  that  of  De  Forest 
^  and  Smythe.*®    In  this  arrange- 

ment a  tube,  G,  contains  two 
small  electrodes  like  plugs,  which 
may  be  made  of  tin,  silver,  or 
nickel,  or  other  metal.  The  ends 
of  these  plugs  may  be  flat,  and 
separated  from  each  other  by 
about  ^l^^  inch.  Sometimes  the 
ends  of  these  plugs  are  made 
cup-shaped,  and  the  cup  or  recess 
filled  with  a  mass  of  peroxide  of 
lead  and  glycerine  (see  Fig,  26). 
In  the  interval  between  the  elec- 
trodes is  placed  an  electrolizable 
mixture  which  consists  of  glyce- 
rine or  vaseline  mixed  vrith  water 
or  alcohol,  and  a  small  quantity 
of  litharge  and  metallic  filings. 
These  metallic  filings  act  as 
secondary  electrodes.  When  a  small  electromotive  force  is  applied 
to   the  terminals   of   the   electrodes   of   this   tube,  through   a   very 

•«  See  "  A  New  Wave  Detector,"  A.  Neugschwender,  Wied.  Ann.  der  Physik, 
1899,  vol.  67,  p.  430 ;  also  Science  Abstracts,  1899,  vol.  ii.  p.  282 ;  or  German  Patent 
Specification,  No.  107,848  of  December  18,  1898 ;  or  Eleotric€U  Review,  May  26, 
1899,  vol.  41. 

""  See  L.  de  Forest,  *'  Electrolytic  Receivers  in  Wireless  Telegraphy."  Paper 
read  before  the  St.  Louis  International  Electrical  Congress,  1904.  See  also  The 
Electrician,  1904,  vol.  54,  p.  94. 

**  See  U.S.A.  Patent  Specifications,  No.  716,000  and  No.  716,884,  applied  for 
July  6, 1901.    The  equivalent  British  patent  is  No.  10,462  of  May  6,  1902. 
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Fig.  26. — De  Forest  Electrolytic 
Detector. 
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high  resistance,  E,  of  20,000  or  30,000  ohms,  a  telephone  being 
included  in  the  circuit,  an  exceedingly  small  current  passes  through 
this  mixture,  and  causes  an  electrolytic  action  which  results  in  the 
production  of  chains  of  metallic  particles  connecting  the  two  elec- 
trodes together.  If,  in  addition  to  this  battery  circuit,  one  terminal 
or  electrode  of  the  cell  is  connected  to  an  aerial  wire,  A,  and  the  other 
terminal  to  the  earth,  E,  then,  on  the  arrival  of  an  electric  wave 
creating  oscillations  in  the  wire,  these  oscillations  pass  down  into 
the  electroljrtic  cell,  where  they  break  up  the  chains  of  metallic 
particles,  and  this  interrupts  the  current  passing  through  the  tele- 
phone quite  suddenly.  This  action  is  heard  as  a  slight  tick  by  an  ear 
applied  to  the  telephone.  As  soon  as  the  wave  ceases  the  chain  of 
metallic  particles  is  re-established,  so  that  the  appliance  is  always 
in  a  condition  to  be  aflfected  by  a  wave.  This  breaking  up  reformation 
of  the  chains  of  metallic  particles  is  so  rapid  that  a  short  spark  made 
at  the  transmitting  station  is  heard  as  a  tick  in  the  telephone,  but  a 
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Fio.  27. — Ferri6,  Fessenden,  or  Sohloemiloh  Electrolytic  Detector. 

rapid  succession  of  oscillatory  sparks  is  heard  as  a  short  continuous 
sound ;  hence  the  two  signals  necessary  for  telegraphic  conversation 
can  be  transmitted. 

A  more  important  discovery  of  considerable  interest  in  connection 
with  this  subject  was  due  independently  to  R.  A.  Fessenden,  Com- 
mandant Ferri6  and  W.  Schloemilch,o*>  who  found  that  electric 
oscillations  had  a  marked  effect  on  the  voltaic  polarization  of  carbon 
or  metallic  electrodes  when  in  an  electrolyte.  A  very  short,  fine, 
carbon  filament,  or  very  fine  platinum  wire,  0*001  mm.  in  diameter 
and  O'Ol  mm.  long,  is  made  the  anode  A  in  an  electrolytic  cell  con- 
taining, say,  dilute  acid,  the  cathode  K  being  a  larger  lead  or  platinum 
plate  (see  Fig.  27).     This  cell  is  placed  in  series  with  a  shunted 

**  See  Commandant  Ferris,  Proceedings  of  the  International  Electrical  Con- 
gress (Paris,  1900),  vol.  11.  p.  289 ;  see  also  W.  Schloemilch,  *'  A  New  Wave 
Detector  for  Wireless  Telegraphy,"  Elektrotechnische  Zeitschrift,  1908,  vol.  24,  p. 
959 ;  or  The  Electrician,  1^3,  vol.  52,  p.  250.  Fessenden  described  a  detector  in 
a  United  States  Patent  Specification,  No.  12,115  of  May  26, 1903,  the  original  of 
which  was  No.  727,801  of  May  5, 1908,  consisting  of  a  Wollaston  wire  or  exceedingly 
fine  platinum  wire  dipping  a  small  depth  into  nitric  acid,  the  vessel  also  containing 
another  wire  or  electrcxle.  He  Bubsequently  named  this  a  liquid  barretter.  This 
patent  ^explication  preceded  the  paper  of  Schloemilch. 
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voltaic  cell  of  slightly  higher  E.M.F.  than  the  polarization  cell,  and  a 
telephone  is  included  in  the  circuit.  The  electromotive  force  of  the 
shunted  cell  "  polarizes  "  the  electrodes  of  the  electrolytic  cell,  and, 
in  consequence  of  the  deposit  of  oxygen  gas  upon  the  small  carhon 
anode,  the  resistance  of  the  cell  increases  so  much  that  current 
through  it  is  reduced  nearly  or  quite  to  zero.  If,  then,  the  terminals 
of  the  electrolytic  cell  or  detector  are  connected  to  the  two  plates  of 
a  condenser  inserted  between  two  aerial  wires  or  between  one  aerial 
wire  and  the  earth,  and  electric  waves  allowed  to  fall  on  these 
collecting  wires,  the  electric  oscillations  depolarize  the  surface  of  the 
carbon  or  platinum  anode  and  suddenly  reliuce  the  resistance  of  the 
cell.  If,  therefore,  a  telephone  is  placed  in  series  with  the  shunted 
battery  and  cell,  the  sudden  increase  in  the  current  through  it  causes 
a  sound  to  be  heard  in  the  telephone^  and  by  the  impact  of  a  greater 
or  less  number  of  trains  of  waves,  sound  signals  on  the  Morse  code 
can  be  heard  in  the  telephone. 

Observations  have  been  made  on  this  cell  by  M.  Eeich,  who  sub- 
stituted for  the  carbon  a  fine  platinum  wire  made  by  the  Wollaston 
process,  the  end  of  this  wire  just  protruding  from  a  glass  tube  into 
which  it  was  sealed.70  One  theory  concerning  this  action  is  that  the 
cause  of  the  phenomena  is  the  annulment  of  the  anodic  polarization 
by  the  electric  oscillations.  Another  view  advanced  by  Fessenden  is, 
that  the  action  is  thermal  and  due  to  a  change  in  the  resistance  of 
that  portion  of  the  electrolyte  near  to  the  fine  platinum  wire  (see 

§  11). 

y.  Eothmund  and  A.  Lessing  have  conducted  experiments  with 
this  electrolytic  wave  detector,  using  a  platinum  point  electrode  of 
0*025  mm.  in  diameter  and  dilute  sulphuric  acid  at  its  maximum 
conductivity  as  the  electrol3rte.7i  Their  conclusions  are  that  the  effect 
is  a  depolarization  action  caused  by  the  high  frequency  currents.  The 
small  size  of  the  anode  is  no  doubt  a  necessity  owing  to  the  small 
quantity  of  electricity  which  is  conveyed  by  the  oscillations. 

The  electrolytic  detector  resembles  in  its  general  construction  a 
Wehnelt  interrupter.  In  the  former  case,  however,  the  operating 
current  is  a  high  frequency  alternating  current,  and  in  the  latter  a 
continuous  one.  In  both  cases,  however,  we  have  two  electrodes  of 
very  unequal  surface,  one  a  platinum  point  of  very  small  surface, 
and  the  other  a  larger  one  of  any  other  metal. 

J.  E.  Ives  has  also  investigated  the  electrolytic  detector,  and  given 
some  good  reasons  supporting  the  view  that  the  action  is  due  to 
electrolytic  polarization  (see  Electrical  World  and  Engineer ^  New  York, 
December  10,  1904).  He  employed  an  electrolyte  having  a  zero 
temperature  variation  of  resistance  at  60°  C,  namely,  a  2*5  per  cent, 
solution  of  hypo-phosphorous  acid.  Below  60°  C.  the  temperature 
coefficient  is  negative,  and  above  it  is  positive.  He  found  that  the 
cell  worked  with  this  electrolyte.  Also  he  deposited  on  the  fine 
platinum  anode  platinum  black.  This  deposit,  as  well  known, 
reduces  the  polarization  effect  on  platinum,  and  when  the  platinum 

'*  See  **  Observations  on  the  Schloemilch  Wave  Detector,"  by  M.  Beich,  Phys. 
Zeitschrift,  1904,  vol.  6,  p.  288. 

'^  AntuUen  der  Phys%k,  1904,  vol.  15,  p.  198 ;  or  Science  Abstracis,  19Q^,  vol.  7, 
A.,  p.  896. 
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wire  was  so  treated  the  electrolytic  cell  became  inoperative.  As  the 
platinum  black  deposit  could  not  interfere  with  any  heating  efifect, 
this  experiment  strongly  supports  the  view  that  the  action  is 
electrolytic. 

The  above-described  electrolytic  cell  has  also  been  claimed  as  the 
invention  of  F.  K.  Vreeland  (see  Poincar^  and  Vreeland,  "  Maxwell's 
Theory  and  Wireless  Telegraphy,"  p.  188,  1904),  who  states  that 
independently  of  Schloemilch,  he  found  that  a  very  minute  anode  of 
platinum  wire,  O'OOOl  inch  in  diameter,  placed  in  a  cell  containing 
nitric  acid,  together  with  a  platinum  cathode  of  larger  surface,  formed 
a  very  sensitive  cymoscope  far  before  an  ordinary  coherer.72  It  is  to 
be  noted  that  this  last  type  of  electrolytic  detector  will  not  operate 
unless  the  small  surface  is  the  anode,  and  that  the  resistance  of  the 
cell  falls  when  electric  oscillations  act  upon  it,  whereas  the  form  of 
electrolytic  detector  described  by  De  Forest  increases  in  resistance  by 
the  action  of  electric  waves. 

Fessenden  describes  the  production  of  the  extremely  fine  platinum 
wire  required  as  follows :  A  silver  wire  0-1  inch  in  diameter  has  a 
core  of  platinum  0*002  inch  in  diameter.  This  silver  wire  is  then 
drawn  down  to  a  diameter  of  0-002  of  an  inch,  and  a  short  length  of 
this  wire  is  attached  to  the  end  of  the  screw  A  (seei  Fig.  28),  which  is 
capable  of  being  screwed  down  into  a  vessel  of  nitric  acid.  If  the 
silver  wire  is  immersed  for  a  small  fraction  of  a  millimetre,  then  the 
acid  dissolves  off  the  silver  and  leaves  an  extremely  fine  platinum 
electrode  immersed.  If  this  becomes  destroyed,  then  all  that  is 
necessary  is  to  screw  down  the  silver  wire  a  further  length  into  the 
hquid,  and  thus  prepare  another  fine  electrode.  The  necessary  electro- 
motive force  for  the  polarization  of  the  fine  electrode  is  apphed  by 
a  dry  Leclanch^  cell  shunted  with  a  high  resistance  and  a  sliding 
contact  on  this  resistance  for  taking  off  a  fraction  of  a  volt  as  in 
Fig.  29. 

A  form  of  detector  which  is  sometimes  classified  as  an  imperfect 
contact  and  at  others  as  an  electrolytic  detector,  is  that  invented 
by  S.  G.  Brown.  It  consists  of  a  pellet  of  peroxide  of  lead  held 
between  a  plate  of  lead  and  one  of  platinum.  If  an  external 
E.M.F.  from  a  single  secondary  cell  is  impressed  upon  it  so  that 
the  current  flows  through  the  peroxide  from  platinum  to  lead,  thi^ 
current  will  experience  a  counter  electromotive  force  due  to  the 
electro-chemical  action  of  the  lead-peroxide  of  lead-platinum  couple. 
According  to  Mr.  Brown,  when  oscillations  pass  through  this  couple 
they  increase  its  counter-electromotive  force  by  stimulating  chemical 
action  and  so  reduce  the  current  sent  through  it  by  the  external  cell. 
The  couple  acts,  therefore,  as  a  conductor  of  which  the  resistance  is 
increased  by  electric  oscillations.    The  pellet  of  peroxide  is  mounted 

"**  It  appears,  however,  from  the  judgment  of  Judge  Wheeler  in  the  United 
States  Circuit  Court  given  in  the  case  of  the  National  £lectric  Signalling  Co.  v. 
Be  Forest  Wireless  Telegraph  Co.,  on  October  16, 1905,  that  Vreeland  was  at  the 
time  of  the  invention  an  assistant  to  Fessenden  and  carrying  out  his  directions. 
Priority  in  the  invention  of  the  electrolytic  detector  made  as  above  described  was 
therefore  by  this  judgment  awarded  to  Fessenden.  In  place  of  a  silver-coated 
platinum  wire  immersed  in  nitric  acid,  it  is  also  possible  to  use  an  iron-coated 
platinum  wire  produced  by  the  WoUaston  process  which  is  immersed  in  dilute 
sulphuric  acid,  and  in  this  case  a  silver  cathode  can  be  employed  as  in  Fig.  28. 
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up  in  a  holder  so  as  to  ftpply  to  it  &a  adjustable  pressure  (see  Fig. 
30),  and  is  placed  in  series  with  a  galvanometer  and  single  cell.  When 
oscillatioQB  are  created  through  the  peroxide  the  deflection  of  the 
galvanometer  decreases,  but  increases  again  when  they  cease. 


12.  Thermal  and  Thflrmoalaotrio  Deteotors.-'Since  electric 

waves  give  rise  to  electric  oscillations  when  they  fall  in  the  right 
manner  upon  open  wire  circuits,  &nd  these  oscillations  are  h^h 
frequency  electric  currents,  we  can  employ  them  to  heat  some  very 


IR^rvdutedbffermltiioHnfOie  OaUiridgt  ScienliUcIntlrumenl  Comianf. 
Pia.  80.— S.  a.  Brown's  Lead  PerOiide  Detector. 


fine  high  resistance  conductors  and  detect  the  wave  by  the  heat  it 
produces.  In  this  case,  however,  we  are  measuring  the  integral  effect, 
as  certain  writers  call  it.  The  heat  produced  in  a  conductor  by  a' 
train  of  decadent  oscillations  is  proportional  to  the  time-integr&l  of 
the  square  of  the  instantaneous  current  value,  and  if  we  are  employ- 
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ing  an  intermittent  series  of  trains  of  oscillations  it  is  proportional 
also  to  the  number  of  trains  of  oscillations  per  second. 

Hence  thermal  cymoscopes  differ  in  this  respect  from  coherers 
or  magnetic  detectors,  in  the  operation  of  which  the  amplitude  of 
the  maximum  voltage  or  current  has  an  influence.  No  thermal 
wave  detector  has  yet  been  invented  which  approaches  in  sensitive- 
ness the  best  coherers,  far  less  the  magnetic  or  electrolytic  detectors. 
An  instrument  in  which  heat  is  measured  by  the  change  in  the 
resistance  of  a  conductor  produced  by  it  is  called  a  bolometer. 
The  measurement  of  electric  oscillations  by  the  heat  produced  by 
them  in  a  very  fine  wire  is  often  called  the  bolometric  method  of 
detection.  In  this  case  some  very  fine  high  resistance  wire,  say,  a 
wire  of  platinum,  is  made  one  arm  of  a  Wheatstone's  bridge,  and  its 
resistance  is  balanced  against  other  conductors.  In  order  to  avoid  the 
difficulties  which  arise  from  the  heating  of  the  bolometer  wire  by  the 
bridge  current,  two  similar  wires  must  be  placed  in  two  arms  of 
the  bridge  and  a  bifurcated  arrangement  employed,  as  shown  in 
Fig.  41  of  Chap.  II.  We  can  then  obta;in  a  steady  balance  in  the 
usual  manner  and  bring  the  bridge  galvanometer  to  zero.  If  then 
electric  oscillations  are  passed  through  one  of  the  fine  wires,  it  is  still 
more  heated,  and  its  resistance  increased,  and  the  bridge  balance  is 
upset.  .  Hence  the  bridge  galvanometer  deflects.  In  place  of  a 
Wheatstone's  bridge  a  sensitive  differential  galvanometer  may  be 
employed,  and  a  double  fine  wire.  One  wire  is  placed  in  circuit  with 
each  coil  of  the  differential  galvanometer  and  a  balance  obtained.  If 
then  electric  oscillations  are  passed  through  one  of  the  wires,  its 
resistance  is  increased,  and  the  needle  of  the  differential  galvanometer 
deflects.  In  place  of  the  differential  galvanometer  we  may  employ  a 
differential  telephone,  and  thus  make  the  arrangement  more  sensitive. 

As  far  back  as  1889  experiments  were  made  to  employ  the  heating 
power  of  oscillations  set  up  by  electric  waves  as  a  means  of  detecting 
them. 

W.  G.  Gregory  described  a  radiation  meter  to  the  Physical  Society 
of  London,  in  which  the  elongation  of  a  wire  on  which  electric  waves 
impinged  was  rendered  visible  by  the  use  of  an  Ayrton  and  Perry 
twisted  strip  and  mirror.  7S 

H.  Bubens  and  B.  Bitter  in  1890  employed  a  bolometric  instrument 
in  researches  on  electric  gratings  (see  Wied.  Annalen,  vol.  40,  p.  56, 
"  Ueber  das  Verhalten  von  Drahtgittern  gegen  Electrische  Schwin- 
gungen  ").  The  details  of  their  bolometer  were  as  follows :  Two 
rectangles,  B  and  S,  of  fine  iron  wire  0'07  mm.  in  diameter  were 
employed  (see  Fig.  31).  These  were  made  the  arms  of  a  Wheatstone's 
bridge  arrangement  of  conductors.  One  of  these  rectangles  was 
connected  with  a  linear  oscillator,  or  antenna.  A,  which  acted  as  a 
receiving  wire,  and  when  electric  oscillations  were  set  up  in  A  by  the 
impact  on  it  of  electric  waves,  these  caused  the  circuits  of  the  rectangle 
B  to  become  heated,  and  so  upset  the  balance  of  the  Wheatstone's 
bridge.  The  deflection  of  the  galvanometer  G  served  then  to  detect 
and  measure  the  electric  radiation  falling  on  the  receiving  wires. 

C.  V.  Boys  and  W.  Watson  also  gave  an  account,  in  1890,  of  ex- 
periments made  by  them  to  measure  electromagnetic  radiation  by 

'»  Proc.  Phys.  Soc.  Lond.,  1889,  vol.  x.  p.  290. 
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means  of  the  heat  created  by  electric  oscillationB  set  up  by  it  in  linear 
conductors^* 

G.  Tissot  has  particularly  studied  the  use  of  a  bolometer  for  detect- 
ing electric  waves  at  great  distances  from  the  source J^  He  employs 
an  exceedingly  fine  platinum  wire  of  great  purity,  the  diameter  of 
which  is  not  more  than  10  or  20  microns  (1  micron  =  0*001  milli- 
metre). This  wire  is  used  in  the  arms  of  a  bridge  arrangement 
similar  to  that  of  Bubens  and  Bitter.  With  such;  a  bolometer  wire, 
he  states  that  he  has  detected  electric  waves  at  a  distance  of  50  Idlo- 
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Fio.  81. — Bolometer  GymoBcope.    R,  S,  rectftngles  of  fine  wire  forming  the  arms 
of  a  Wheatstone's  bridge,  with  resistances,  P  and  Q. 

metres  from  the  radiator  when  using  the  arrangements  required  for 
electric  wave  wireless  telegraphy.7<( 

W.  Duddell  devised  in  1904  a  thermal  instrument  of  great  sensi- 
bility for  detecting  electric  oscillations.^^  He  employs  a  form  of  Boys' 
microradiometer,  in  which  a  delicate  thermocouple  is  suspended  by  a 
quartz  fibre  in  a  strong  magnetic  field.  An  attached  mirror  enables 
deflections  to  be  estimated  (see  Fig.  32).  Underneath  this  thermo- 
couple he  places  a  very  thin  and  narrow  strip  of  metal  (gold  leaf), 
through  which  the  electric  oscillations  are  passed.  These  oscillations 
heat  the  strip  feebly.  •  One  junction  of  the  small  suspended  thermo- 
couple rests  just  above  the  strip  but  not  quite  touching  it,  and  is 
therefore  heated  by  radiation  and  convection.    The  couple  is  therefore 

'*  See  Proc.  Phys.  Soc.  Lond.,  1890,  vol.  xi,  p.  20. 

7»  0.  Tissot,  "  Bolometers  as  Detectors  of  Electric  Waves,'*  Journal  de 
Physique,  1904,  vol.  d,  p.  S24 ;  also  Science  Abstracts^  1904,  vol.  7,  A.,  p.  700. 

'•  See  G.  Tissot,  Camptes  Bendus,  1904,  vol.  187,  p.  846 ;  or  Science  Abstracts, 
1904,  vol.  7.  A.,  p.  100. 

'^  See  W.  Duddell,  "  Instruments  for  measuring  Alternating  Currents,"  Phil. 
Mag.,  1904,  vol.  8,  p.  91.    See  also  Chap.  II.  p.  284,  of  this  book. 
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traversed  by  a  curreat,  and  is  deflected  in  the  magnetic  field.  If  aa 
ordinary  Bell  tetephona  is  connected  in  series  with  the  strip  and  a 
sound  uttered  to  it,  the  alternating  current  ao  produced  heats  the 
strip  sufficiently  to  make  a  large  deflection  of  the  ray  of  light  reflected 
from  the  mirror  attached  to  the  thermocouple. 

If  the  thin  strip  is  placed  in  series  with  a  pair  of  long  rods  or 
between  an  aerial  wire  and  the  earth,  and  if  electric  waves  fall  on 
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th^e  wires,  then  the  electric  oscillations  set  up  heat  the  strip,  and 
the  instrument  becomes  a  thermal  cymoscope. 

B.  A.  Fessendea  has  described  the  construction  of  a  thermal 
electric  wave  detector  made  as  follow  ™ : — 

An  extremely  fine  platinum  wire,  about  0-003  inch  in  diameter,  is 
embedded  in  the  middle  of  a  silver  wire,  about  ^^  inch  in  diameter, 
like  the  wick  of  a  candle.  This  compound  wire  is  then  drawn  down 
until  the  dinmeter  of  the  silver  wire  ia  only  0*002  inch,  and  hence  the 

Elatinum  wire  in  its  interior,  being  reduced  in  the  same  ratio,  will 
ave  been  drawn  down  to  a  diameter  of  000006  inch.  A  short  piece 
of  this  drawn-down  wire  is  then  bent  into  a  loop  and  the  ends  fixed 
to  wires.  The  tip  of  the  loop  is  then  immersed  in  nitric  acid,  and 
then  dissolved  in  the  silver,  leaving  an  exquisitely  fine  platinum  wire 
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loop,  W,  a  few  hundredthd  of  an  inch  in  length  and  having  a  resistance 
of  about  30  ohms  (see  Fig.  33).  This  little  loop  is  sealed  into  a  glass 
bulb,  A,  like  a  very  small  incandescent  lamp,  or  it  may  be  enclosed  in 
a  small  silver  bulb,  and  the  air  may  be  exhausted.  If  an  electrical 
oscillation  is  sent  through  this  exceedingly  fine  platinum  wire  it  heats 
it,  and  rapidly  increases  its  resistance.  The  electrical  oscillations 
produced  in  an  aerial  are  sent  through  a  number  of  these  loops 
arranged  in  parallel,  and  the  loops  are  short-circuited  by  a  telephone, 
joined  in  series  with  a  source  of  very  small  electromotive  force  pro- 
duced by  shunting  a  single  cell,  or  opposing  to  one  another  two  cells 
of  nearly  equal  electromotive  force.  Any  variation  of  resistance  of 
the  little  platinum  loops  due  to  the  heat  produced  by  the  oscillations, 
by  suddenly  altering  the  current  flowing  through  the  telephone,  will 
cause  a  sound  to  be  heard  in  it.    The  electrical  oscillations,  when 

passing  through  the  loops,  are 
therefore  detected  by  the  heat 
which  they  generate  in  these 
exquisitively  fine  platinum 
wires. 

Since  the  action  essentially 
depends  upon  a  variation  of 
resistance  with  rise  of  tem- 
perature, and  since  many 
electrolytes  or  conducting 
liquids  have  a  far  greater  tem- 
perature coefficient  than  metals, 
it  is  obvious  that  it  must  be  of 
advantage  to  employ  a  hquid 
in  place  of  a  metsdlic  wire.  If 
a  tube  with  an  extremely  small 
bore  is  filled  with  a  suitable 
electrolyte,  it  can  take  the  place 
of  the  platinum  wire  in  the 
above-described  thermal  re- 
ceiver. Fessenden  calls  this 
arrangement  a  '*  liquid  barretter."  ^9  The  liquid  column  has  another 
great  advantage  over  the  fine  wire,  in  that  whilst  the  wire  may  be 
fused  by  an  excess  of  current,  the  liquid  column  always  restores  itself 
to  continuity. 

Fessenden  found  that  there  was  no  necessity  to  include  the  liquid 
in  a  tuba  He  discovered  that  if  an  extremely  fine  platinum  wire, 
such  as  he  used  in  his  earliest  form  of  thermal  cymoscope  (see  Fig.  33), 
was  broken  whilst  it  was  immersed  in  a  conducting  liquid,  such  as 
nitric  acid,  it  nevertheless  continued  to  act  as  efficiently  as  before, 
hence  he  constructed  a  **  liquid  barretter,"  which  is  in  fact  the 
electrolytic  detector  described  in  the  previous  section,  in  the  following 
manner :  It  consists  of  two  thin  platinum  wires  immersed  in  a  little 
vessel  containing  a  suitable  liquid.  The  immersion  of  the  ends  of 
the  wires  is  such  that  an  electrical  contact  takes  place  between  the 
liquid  and  the  wires,  or  the  vessel  may  be  divided  into  two  parts  by  a 

7*  See  U.S.A.  Patent  Speoifioation,  No.  781,029,  application  of  May  4,  190S  ; 
also  reissued  U.S.A.  Patent,  No.  12,115,  dated  May  26,  190S. 
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Detector. 
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glass  partition,  having  an  exceedingly  small  hole  in  the  centre  0*003 
inch  in  diameter.  The  diaphragm  is  so  arranged  that  one  electrode 
wire  is  on  one  side  of  the  partition  and  the  other  on  the  other ;  hence 
we  have  two  masses  of  liquid  which  are  virtually  connected  hy  an 
extremely  small  tube  or  liquid.  It  follows  from  well-known  electrical 
laws  that  if  an  extremely  fine  wire  is  immersed  in  a  liquid  to  a  very 
small  extent  all  the  temperature  effects  will  be  local,  and  will  take 
place  inside  of  a  certain  sphere  of  a  small  radius.  Thus,  for  example, 
if  a  platinum  wire  having  a  diameter  0*0004  inch  is  immersed  in 
nitric  acid  to  a  depth  of  0*00002  inch,  practically  all  the  temperature 
effects  will  be  localized,  and  will  take  place  inside  a  sphere  the  radius 
of  ^hich  will  be  0*0004  inch. 

It  is  found  that  certain  liquids  act  better  than  others.  For 
example,  although  a  solution  of  carbonate  of  soda,  caustic  soda, 
nitrate  of  potash,  and  other  electrolytes  give  good  results,  Fessenden 
found  it  was  better  to  use  nitric  acid,  because  the  effects  are  stronger 
than  with  most  other  liquids.  He  constructed  the  extremely  fine 
platinum  wire  by  coating  a  wire  of  platinum  of  sensible  thickness 
with  a  thick  layer  of  silver  and  then  drawing  down  the  two  together ; 
the  silver  is  then  dissolved  off  for  a  certain  small  length  by  nitric 
acid,  and  leaves  an  extremely  fine  fibre  of  platinum  immersed  in  the 
nitric  acid.  If  such  a  liquid  barretter  is  placed  in  a  circuit  in  which 
electric  oscillations,  are  taking  place,  the  liquid  and  the  fine  electrode 
become  heated  during  the  passage  of  the  oscillations,  and  the  resist- 
ance, therefore,  is  varied  suddenly,  and  this  can  be  detected  by 
placing  in  series  with  the  liquid  cell  a  telephone  and  a  voltaic  cell 
and  resistance  so  adjusted  as  to  send  a  small  current  through  the 
electrolytic  cell.  It  has  already  been  pointed  out  in  describing  this 
electrolytic  detector  that  the  action  may  be,  and  probably  is,  electro- 
lytic, and  due  to  annulment  of  polarization  rather  than  to  a  purely 
thermal  action. 

Instead  of  making  the  change  in  resistance  of  a  fine  wire  detect 
the  oscillations,  we  may  detect  a  very  small  rise  in  temperature  in  it 
by  placing  in  contact  with  the  wire  a  thermojunction.  Such  an 
arrangement  was  first  employed  by  Klemencic  in  1891.^0  The  oscil- 
lations are  sent  through  a  fine  constantan  wire,  and  against  this  rests 
a  thermoelectric  couple  of  iron  and  constantan  or  other  suitable 
metals.  The  ends  of  the  couple  are  connected  to  a  low  resistance 
galvanometer.  When  a  train  of  oscillations  are  passed  through  the 
fine  wire  they  heat  it,  and  the  galvanometer  connected  to  the  thermo- 
couple indicates  the  rise  of  temperature. 

An  improved  arrangement  of  this  kind  was  devised  by  the  author 
in  1906,  taking  advantage  of  the  position  of  tellurium  and  bismuth  in 
the  thermoelectric  series,  and  also  of  the  fact  that  such  a  fine  wire 
rises  to  a  higher  temperature  by  the  passage  of  a  given  current  when 
placed  in  a  high  vacuum.  A  double  glass  test-tube,  similar  to  a  Dewar 
vacuum  vessel,  was  constructed  (see  Fig.  34),  the  space  between  the 
two  tubes  being  subsequently  exhausted.  Through  the  bottom  of  the 
inner  test-tube  were  sealed  four,  wires ;  two  of  these,  a,  b,  were  con- 
nected to  a  fine  constantan  wire,  and  the  other  two,  c,  d,  were  con- 
nected to  a  tellurium-bismuth  thermojunction,  T,  formed  of  very  fine 

••  See  J.  Klemencic,  Wi€d,  Annalen,  vol.  42,  p.  417, 1891. 
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wires  of  biemuth  and  telluriam,  the  junotioD  being  soldered  by  a 
epeoial  solder  to  the  centre  o(  tbe  ooDBtantan  wire.  A  blgb  vaouum 
waB  then  made  in  the  interior 
space.  When  oscillations  are 
passed  tbrougb  tbe  coDstaDtan 
wire,  a  suitable  low  leeietanoe 
galvanometer,  G,  being  aonnected 
to  the  leads  from  the  tbermo- 
juDotion,  tbe  galvanometer  de- 
flects, the  deflection  being  pro- 
portional to  the  Bqnare  of  the 
integral  value  of  tbe  oscillationB. 

The  inclusion  of  tbe  thermo- 
couple and  heater  wire  in  a  very 
.  high  vacuum  has  a  great  effect 
in  increasing  the  sensibility.  It 
has  been  noted,  both  by  the 
author  and  by  P.  Lebedew,^^  that 
for  couples  and  wiree  of  bright  or 
polished  metal  the  sensitiveness 
may  be  increased  by  so  doing  as 
much  as  25  times.  This  great 
increase,  however,  takes  place 
chiefly  between  a  reduction  of  air  pressure  from  0-1  mm.  to  0-0001 
mm.,  and  for  much  lower  pressures  there  is  hardly  any  change.     A 
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preasnre  of  001  mm.  is  sufficient  to  give  almost  the  best  effects  fse 
l^g.  35). 
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The  advantage  of  such  a  detector  is  the  ease  with  which  it  can  be 
calibrated  by  means  of  a  known  continuous  oiurrent  passed  through 
the  fine  wire.  For  if  we  pass  any  train  of  oscillations  which  gives  on 
the  galvanometer  the  same  deflection  as  a  certain  direct  current,  we 
know  that  the  mean-square  value  of  those  osciUations  must  have  the 
same  ampere  value  as  the  unidirectional  current  which  is  thermally 
equivalent  to  them.  It  has  been  found,  however,  that  it  is  not 
necessary  to  pass  the  oscillations  through  a  wire.  If  pieces  of  two 
metals  selected  at  opposite  ends  of  the  thermoelectric  series  are 
pressed  in  contact  at  one  point,  and  if  stout  connecting  wires  make 
good  contact  with  these  pieces  of  metal  at  some  other  point,  then, 
when  oscillations  are  passed  through  the  contact  point,  they  produce 
heat  there,  and  therefore  excite  a  thermoelectromotive  force.  If, 
then,  such  a  junction  is  inserted  in  an  oscillatory  circuit,  and  also 
has  the  terminals  of  a  telephone  connected  to  its  leading-in  wires, 
the  telephone  will  respond  by  a  sound  to  each  passage  of  a  train  of 
oscillations.  It  is  necessary,  however,  that  the  materials  selected  for 
the  couple  should  have  poor  thermal  conductivity,  so  that  the  heat 
generated  at  the  small  surface  contact  shall  be  localized  there  and 
not  be  conducted  to  the  other  junctions.  L.  W.  Austin  has  described 
such  thermoelectric  detectors  made  with  tellurium  and  aluminium 
and  tellurium  and  silicon.^^  In  constructing  it,  a  bead  of  tellurium 
fused  on  the  end  of  a  springy  brass  wire  is  adjusted  so  as  to  press 
more  or  less  tightly  against  an  aluminium  wire  or  disc.  The  couple, 
having  a  high  resistance,  is  inserted  as  a  shunt  across  the  plates  of  a 
condenser  in  the  receiving  circuit,  and  a  high  resistance  telephone  is 
connected  to  the  elements  of  the  thermocouple.  The  question  has 
been  raised  whether  the  action  of  this  detector  does  depend  upon  a 
true  thermoelectromotive  force  created  by  the  heat  produced  at  the 
small  surface  contact.  The  action  as  an  oscillation  detector  may 
equally  well  be  accounted  for  by  the  power  which  certain  junctions, 
certain  metals  and  non-metals,  possess  of  rectifying  a  high  frequency 
current.  In  other  words,  such  junctions  possess  a  unilateral 
conductivity. 

The  thermoelectric  detectors  are  therefore  very  closely  connected, 
as  regards  action,  with  another  type  of  detector,  called  **  rectifying 
detectors,"  which  we  proceed  to  consider. 

18.  Rectifying  Detectors. — It  has  been  found  that  a  contact  of 
small  surface  between  certain  dissimilar  conductors,  as,  for  instance, 
between  tellurium  and  aluminium,  also  between  silicon  and  copper, 
and  carbon  and  steel,  has  a  unilateral  conductivity  for  electricity,  and 
hence  possesses  the  power  of  rectifying  high  frequency  alternating 
currents.  This  was  also  observed  by  F.  Braun  in  1874  for  some 
metallic  sulphides  or  oxides  and  metals,  and  the  same  effect  has  been 
found  in  the  case  of  a  large  number  of  other  pairs  of  substances.^ 

L.  W.  Austin  investigated  the  behaviour  of  a  silicon-steel  junction 
of  this  kind,  and  found  that  an  electromotive  force  of  2*5  volts  could 
pass  a  current  of  25,000  X  lO-^'  amps,  from  steel  to  silicon  across  the 
junction,  but  only  a  current  of  6000  x  10~^  amps,  in  the  opposite 

**  See  L.  W.  Austhi,  "  On  a  High  Reeistanoe  Contact  Thermoelectric  Detector 
for  Electric  Waves,"  Phyncal  Beview,  voL  24,  p.  GOS,  1907. 
••  See  Ferdinand  Brann.  Pogg,  Ann,,  vol.  153»  p.  66S»  1874. 
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direction.^  It  follows,  therefore,  that  such  a  junction  rectifies  an 
alternating  current,  and  Austin  has  shown  that  when  a  steel-silicon 
junction  is  placed  in  series  with  an  ordinary  direct  current  galvano- 
meter, electric  oscillations  acting  on  that  circuit  are  rectified,  and 
deflect  the  galvanometer.  For  small  alternating  voltages  below  about 
0-2  of  a  volt,  the  rectified  currents  are  proportional  to  the  square  of 
the  alternating  voltage.  That  this  effect  is  not  a  pure  thermoelectric 
effect  is  shown  by  the  fact  that  the  rectified  current  flows  in  the 
opposite  direction  to  the  true  thermoelectric  current  produced  by 
heating  the  junction. 

This  is  the  case  for  a  carbon-steel  and  for  a  tellurium-aluminium 
junction,  except  for  the  last  at  low  voltages. 

A  very  large  number  of  these  combinations  of  non-metals  and 
metals  have  been  found  which  possess  this  rectifying  power  on  trains 
of  oscillations. 

Thus  G.  W.  Pickard  has  found  that  a  rough  surface  of  a  mass  of 
fused  zinc  oxide  or  of  native  red  oxide  of  zinc  in  contact  with  a  brass 
point  rectifies  oscillations,  and  may  be  used  as  a  detector  in  associa- 
tion with  a  telephone  as  already  described.®^  The  name  "  Perikon  " 
was  appUed  by  G.  W.  Pickard,  in  U.S.A.  Patent  Specification  No. 
886,154,  to  the  contact  rectifying  detector  made  with  fused  oxide  of 
zinc  and  a  brass  point,  but  it  is  now  applied  also  to  the  rectifying 

contact  detector  consisting  of  chalcopyrite 
or  copper  pyrites  in  contact  with  zincite 
or  native  oxide  of  zinc,  see  U.S.A.  Patent 
Specification  No.  912,726. 

The  author  has  devised  a  convenient 
arrangement  for  using  and  testing  contact 
cymoscopes  or  wave  detectors  depending 
upon  the  rectifying  power  of  a  contact  of 
two  substances.  One  of  these  bodies,  M 
(see  Fig.  36),  is  held  in  a  grip,  and  the 
other  in  the  form  of  a  point,  C,  is 
pressed  against  it  by  a  screw,  S,  with 
divided  head;  the  whole  being  enclosed 
under  a  glass  shade  to  exclude  dust. 
Terminals  T  and  T'  are  connected  respec- 
tively to  the  two  substances  in  contact. 
The  property  of  rectifying  alternating  currents  and  electric 
oscillations  in  virtue  of  a  unilateral  conducting  power  for  electricity 
is  also  found  in  certain  crystals.  It  was  discovered  in  1906 
by  General  H.  H.  C.  Dunwoody,  of  the  United  States  army, 
that  a  mass  of  crystals  of  carborundum,  which  is  an  artificial 
siUcide  of  carbon  prepared  in  electric  furnaces  (see  U.S.A.  Patent 
of  Acheson,  No.  492,767  of  1893),  can  be  used  both  with  and 
without  a  local  electromotive  force  as  a  detector  of  electric  waves  in 
radiotelegraphy.8«     If  a  single  crystal  of  this  substance  is  examined 

•*  L.  W.  Austin,  Bulletin  of  the  Bureau  of  Standards,  Washington,  U.S.A., 
vol.  5,  No.  1, 1908. 

"  See  G.  W.  Pickard.  U.S.A.  Patent  Specifications,  No.  886,164,  also  No. 
912,613,  of  September  3.  1907,  and  No.  912,726. 

••  See  U.S.A.  Patent  Specification  of  H.  H.  0.  Dunwoody,  No.  887,616,  of 
1906;  also  British  Patent  Specification,  No.  6832,  of  1907. 
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Fig.  86.— Contact  Cymo- 
scope.   (Fleming.) 
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it  will  be  found  to  have  a  hexagonal  form  and  purple,  green,  or  grey 
in  colour,  and  to  be  somewhat  translucent.  The  commercial  car- 
borundum as  usually  obtained  consists  of  a  mass  of  such  crystals 
arranged  and  compacted  in  an  irregular  manner.  Each  individual 
crystal  is  a  rather  poor  conductor,  but  certain  picked  specimens 
possess  two  marked  characteristics,  as  shown  by  the  measurements 
of  G.  W.  Pickard  87  and  G.  W.  Pierce.^  In  the  first  place,  the 
crystal  as  a  conductor  possesses  a  unilateral  conductivity,  and  in  the 
next  place,  this  conductivity  does  not  obey  Ohm's  law,  for  the  current- 
voltage  curve  is  non-linear.  It  is  not  every  crystal,  however,  of 
carborundum  which  exhibits  in  marked  degree  these  characteristics. 
The  most  effective  crystals  are  generally  those  of  a  sUver  grey  lustre 
cut  from  the  amorphous  or  underside  of  a  mass  of  carborundum. 
For  specific  instructions  as  to  the  mode  of  selecting  and  testing  them 
the  reader  is  referred  to 
an  article  by  Mr.  H.  T. 
Worrall  in  the  Wireless 
World,  vol.  iii.  p.  434. 
Under  an  impressed 
E.M.F.  of  two  volts  a 
good  crystal  should  pass 
a  current  40  times  greater 
in  one  direction  than  in 
the  opposite.  The  ciurve 
in  Kg.  37  shows  the  result 
of  one  set  of  observations 

by  G.  W.  Pierce  on  the    as     ao     15     lo     5     o      5 
current  in   microamperes  Applied  voltage. 

which   passes    through   a  pi^.  ST.-Characteristio  CurveB  of  a  Carborundum 
crystal  under  certain  ap-  Crystal  for  +  and  -  E.M.F. 

pHed  voltages.  If  a  gradu- 
ally increasing  electromotive  force  is  applied  to  the  crystal  the 
current  through  it  increases,  but  more  rapidly  than  the  voltage,  as 
shown  by  the  right-hand  branch  of  the  back  line  curve.  If  the  E.M.F. 
is  reversed  then  the  current  is  reversed,  but  for  the  same  value  of  the 
voltage  is  not  so  large.  The  left-hand  branch  of  the  curve  should 
therefore  be  drawn  with  negative  ordinates,  but  for  the  sake  of 
economising  space  the  ordinates  are  drawn  positively.  Thus  the 
curve  in  Fig.  37  shows  a  different  conductivity  of  the  same  specimen 
under  direct  and  reversed  electromotive  force,  as  observed  by  Professor 
Pierce.  In  some  cases  there  is  no  sensible  current  until  the  applied 
voltage  4-  or  —  exceeds  a  certain  value  which  may  be  about  0*5  or 
1  volt.  This  unilateral  conductivity  had  been  previously  noted  in  the 
case  of  other  minerals.  Thus  F.  Braun,  in  1874,  found  in  it  copper 
pyrites,  iron  pyrites,  galena,  and  copper  antimopy  sulphide,  also  in 
marked  degree  in  psilomelan,  a  native  oxide  of  manganese. 

Braun  could  not  find  any  evidence  of  electrol3rtic  conduction  or 
of  thermoelectric  effect  in  these  cases  to  account  for  this  curious 
asymmetry  of  conductance. 

"  See  G.  W.  Pickard,  Electrical  World  of  New  York,  vol.  48,  p.  994, 1906. 
••  Also  G.  W.  Pierce  on  "  Crystal  Rectifiers,"  The  Physical  Review,  vol.  26, 
p.  31,  July,  1907.    Also  vol.  28,  p.  168,  1909. 
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Professor  Pierce  has  also  discovered  that  the  mineral  hessite, 
which  is  as  a  telluride  of  silver  or  gold,  and  also  anatase,  which  is  an 
oxide  of  titanium,  also  possess  similar  properties,  and  will  therefore 
rectify  alternating  currents,  since  it  passes  a  larger  current  when  the 
voltage  is  in  one  direction  than  when  it  is  reversed. 

In  crystals  of  carborundum  the  unilateral  conductivity  is  a  func- 
tion of  the  voltage  applied,  as  shown  by  the  figures  in  the  Table 
below,  which  gives  the  current  in  microamperes  in  one  direction  and 
the  reverse  through  a  crystal  tested  by  Professor  Pierce  with  various 
voltages. 

•BbLATION  of  CUBBBIflT  TO  VOLTAGB,  BHOWmO  UNIIiATBBAL  GONDUCTIVIT7 

OF  Gabbobundum. 


Current  in  microamperes. 

C 

• 

i 

C 

C 

Volte. 

Commntator  left. 

Commutator  right. 

75' 

10-1 

100 

1 

100 

121 

160 

— 

— 

12-8 

200 

_- 

14-6 

800                             6 

60 

160 

400 

•^ 

16-8 

600 

10 

60 

17-7 

600 

.^ 

^^ 

19-4 

700 

200 

800 

20 

40 

210 

900 

— 

21-9 

1000 

80 

88 

28-2 

1200 

60 

24 

260 

1600 

— 

27-6 

2000 

120 

17 

It  will  be  seen  that  for  this  crystal  under  an  impressed  electro- 
motive force  of  10  volts  the  current  in  one  direction  is  100  times 
greater  than  in  the  opposite.  Pierce  found  that  in  one  specimen 
of  carborundum,  platinized  on  parts  of  its  surface  to  make  an  im- 
proved contact,  the  current  under  an  electromotive  force  of  34-5 
volts  was  527  times  as  great  in  one  direction  as  in  the  opposite,  and 
in  another  case  under  an  electromotive  force  of  30  volts  it  was  3000 
to  4000  times  larger. 

The  rectifying  power  and  the  resistance  of  carborundum  crystals 
have  been  investigated  by  Bertram  Hoyle  at  various  temperatures. 
He  has  found  (see  Wireless  World,  Sept.,  1915,  vol.  iii.  p.  356)  that  at 
the  temperature  of  liquid  air  ( — 190^  G.)  the  resistance  of  carborundum 
is  greatly  increased  and  its  rectif3ring  power  reduced  so  that  it  is 
perfectly  useless  as  a  detector.  On  the  other  hand,  by  heating  it  it 
becomes  more  efficient  as  a  rectifier,  and  at  a  certain  temperature 
near  to  400^  or  500°  C.  it  reaches  a  maximum  sensitivity  as  a  detector 
on  accoimt  of  its  increased  rectifying  power  and  reduced  resistance. 
Hence,  as  he  points  out,  it  would  be  an  advantage  to  work  with 
crystals  heated  to  this  temperature.    Hoyle  also  confirms  the  author's 
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prior  statement  that  when  an  auxiliary  voltage  is  applied  to  the 
crystal  it  should  he  such  as  to  work  at  a  point  at  which  there  is  a 
change  of  curvature  in  the  characteristic  curve. 

Besides  using  the  crystals  above  named  simply  as  rectifiers  of  an 
electric  oscillation,  we  may  use  them  in  another  way  as  oscillation 
detectors  in  virtue  of  the  change  of  curvature  at  certain  points  on  the 
characteristic  curve.  To  do  this  we  shunt  the  crystal  by  a  telephone 
which  has  in  series  with  it  also  a  shunted  voltaic  cell  so  as  to  insert 
a  fraction  of  a  volt  in  the  telephone  circuit.  There  is,  then,  normally 
a  certain  current  flowing  through  the  crystal  in  one  direction,  and 
the  voltage  must  be  applied  in  the  direction  in  which  the  crystal 
conducts  best. 

If,  then,  electric  oscillations  are  superimposed  on  this  unidirec- 
tional current  by  electric  waves  falling  on  the  antenna,  the  steady 
E.M.F.  acting  on  the  crystal  is  periodically  increased  and  decreased. 
Since,  however,  the  current  voltage  curve  is  non-linear  the  mean  value 
of  this  pulsating  current 
may  be  greater  than  the 
current  due  to  the  steady 
E.M.F.,  and  hence  the  ad- 
dition of  the  oscillations 
causes  an  increase  in  the 
current  through  the  tele- 
phone and  it  therefore  emits 
a  sound.  From  the  curve 
in  Fig.  38,  it  will  be  seen 
that  the  current  through  a 
certain  crystal  corresponding 
to  2  volts  steady  E.M.F.  is 
4  microamperes.  If,  how- 
ever, we  add  and  subtract 
periodically  0*5  volt,  then 
the  currents  due  to  2*5  and 
1*5  volts  are  respectively  8  and  2  microamperes,  the  mean  of  which 
is  5  microamperes.  Hence  the  addition  of  the  alternating  E.M.F. 
of  ±  0*5  volt  to  the  steady  E.M.F.  of  2  volts  increases  the  current 
through  the  crystal. 

In  addition  to  these  cases  of  unilaterally  conducting  crystals  there 
are  other  instances  in  which  the  contact  between  two  different  sub- 
stances has  a  similar  unsymmetrical  conductivity,  such,  for  instance, 
as  a  pltftnbago  point  in  light  contact  with  a  piece  of  galena  or  native 
sulplude  of  lead.  Professor  Pierce  has  shown  that  an  excellent 
rectifying  contact  is  obtained  by  pressing  a  copper  point  upon  a 
crystal  or  flat  piece  of  molybdenite,  and  the  contact  of  a  gold  point 
with  iron  pyrites  makes  also  an  effective  rectifier. 

It  would  appear  therefore  that  in  some  cases  the  rectification 
depends  on  a  contact  of  small  area  between  two  materials  one  of  which 
is  geherally  a  pure  metal,  and  the  other  an  oxide  or  sulphide.  In 
other  instances  efficient  rectification  is  secured  when  the  contact  is 
one  of  large  surface  and  low  resistance.  It  seems,  therefore,  as  if  the 
rectification  depends  in  some  cases  upon  a  surface  action  and  in 
others  upon  the  internal  structure  of  one  of  the  materials. 
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It  has  therefore  been  suggested  that  we  should  distinguish  between 
**  surface  "  and  "  body  "  rectification. 

Various  theories  have  been  advanced  to  explain  j^hese  effects. 

B.  n.  Goddard  (see  Physical  Review,  voL  34,  June  1912)  has 
examined  the  phenomena  involved  in  the  conduction  of  electricity  at 
contacts  of  dissimilar  substances,  both  in  air  and  other  gases,  and 
also  in  vacuo,  and  drew  from  his  experiments  the  following  conclu- 
sions as  to  sxu^ace  rectification : — 

1.  Pure  elements  give  little  or  no  rectification  at  a  contact  with 
pure  metals,  unless  oxygen  or  air  is  present  round  the  junction. 

2.  The  effect  of  rectification  or  unilateral  conductivity  is  due 
primarily  to  the  presence  of  oxygen,  and  therefore  of  an  oxide  film 
(or  else  a  sulphide  film)  at  the  junction. 

3.  Goddard  considers,  therefore,  that  these  solid  rectifiers  operate 
in  an  analogous  manner  to  the  electrolytic  rectifiers,  such  as  the 
aluminium  valve.  In  the  case  of  the  last  mentioned  arrangement  a 
plate  of  aluminiimi  is  placed  in  apposition  to  a  plate  of  graphitic 
carbon  or  some  other  metal,  both  being  immersed  in  an  electrolyte 
yielding  hydroxyl  as  one  ion.  When  the  current  flows  in  the  electro- 
lyte so  that  the  aluminium  is  the  negative  electrode  or  cathode  the 
current  is  much  larger  than  when  the  aluminium  is  the  positive  or 
anode.  It  has  been  shown  that  this  difference  depends  on  the  pro- 
duction of  a  film  of  aluminic  hydroxide  which  is  formed  on  the 
aluminium  and  is  not  easily  penetrated  by  the  relatively  large  negative 
ions.  If  the  current  is  reversed  then  this  hydroxide  film  is  reduced 
and  removed  by  the  deposit  on  it  of  hydrogen  ions. 

The  theory  advanced  by  Goddard,  therefore,  is  that  the  soUd  oxide 
or  sulphide  film  at  the  bounding  surface  behaves  in  a  similar  manner. 
His  view  is  that  in  a  rectifying  contact  a  solid  film  is  present  at  the 
contact,  and  that  large  ions  are  packed  against  it  giving  a  back  E.M.F. 
when  the  current  flows  in  one  direction,  whereas  on  reversal  of  the 
E.M.F.  small  negative  ions  pass  freely  through  the  film. 

On  the  other  hand,  W.  H.  Eccles  has  worked  out  a  theory  of 
rectif3dng  detectors  based  upon  electrothermal  considerations  (see 
Proc.  Phys.  Soc.  Lond.,  vol.  26,  p.  273,  June,  1913,  W.  H.  Eccles  '*  On 
Electrothermal  Phenomena  at  the  Contact  of  Two  Conductors  ").  He 
points  out  that  in  the  case  of  these  ratifying  detectors,  by  the  aid  of 
which  the  large  part  of  the  wireless  telegraphy  of  the  world  is  now 
conducted,  we  have  two  materials  in  contact,  one  or  both  of  which 
are  bad  conductors  of  heat.  Hence  the  temperature  gradients  in 
them,  due  to  heat  generated  at  the  contact,  will  be  steep.  The  heat 
is  then  created  or  absorbed  at  the  junction  and  in  proximity  thereto. 
Again,  these  materials  have  in  general  large  thermoelectric  power  and 
marked  Thomson  effects.  Thus  he  points  out  that  a  pyrites-lead 
couple  yields  a  thermoelectromotive  force  some  200  per  cent,  greater 
than  a  bismuth-lead  couple.  Also  the  temperature  resistance 
coefficient  of  these  oxides  and  sulphides  is  large  and  often  negative. 
Eccles  starts  by  considering  mathematically  the  case  of  a  material 
having  a  Peltier  effect  P,  a  Thomson  effect  or  specific  heat  of  electricity 
o-  and  a  thermoelectric  power  p,  which  is  placed  between  two  pieces 
of  identical  metal  having  different  values,  P,  <t\  p'.  The  metal  on 
one  side  making  a  good  broad  contact,  and  on  the  other  side  a  small 
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or  imperfect  contact  with  the  material.  He  then  shows  that  the 
heat  generated  at  this  contact  by  the  resistance  will  be  localized  and 
produce  a  steep  temperature  gradient  in  at  least  one  of  the  materials 
in  contact.  There  will  also  be  a  Peltier  effect  at  the  junction,  and  a 
Thomson  effect  in  the  materials  causing  heat  to  be  absorbed  or 
generated  at  the  contact  and  in  the  body  of  the  materials  along  the 
temperature  gradient.  The  Joulean  effect,  depending  as  it  does  on 
the  sqtiare  of  the  current  strength,  will  be  independent  of  current 
direction,  but  the  electromotive  forces  created  by  the  Peltier  and 
Thomson  effects  are  dependent  upon  the  direction  of  the  current. 
Hence  there  arises  an  asymmetry  in  the  counterelectromotiye  force 
produced,  which  is  equivalent  to  a  difference  in  electric  conductivity 
in  the  two  directions.  An  analytical  discussion  of  it  led  Eccles  to 
express  the  relation  between  the  current  i  across  the  junction  and 
the  potential  difference  e  between  the  conductors  in  contact  at  points 
beyond  the  temperature  gradient  in  the  form — 

aeh^  +  *«  +  f  ^  —  tf  -f  /»■  =  0 

where  p  is  the  equivalent  true  resistance  of  the  contact  and  a,  6,  and 
c  are  coefficients  depending  on  the  Thomson  and  Peltier  effects  and 
resistance  change  with  temperature  of  the  materials  in  contact.  This 
expression  is  the  equation  of  the  steady  current  characteristic  curve 
of  the  contact.  Eccles  then  discusses  several  cases  and  shows  that 
for  certain  values  of  a,  b,  and  c  we  have  either  a  curve  symmetrical 
or  non-symmetrical  in  the  first  and  third  quadrants.  Also  that  this 
characteristic  curve  has  changes  of  curvature  at  certain  points. 

Thus,  for  a  metallic  conductor  the  characteristic  is,  in  accordance 
with  Ohm's  law,  a  straight  line  through  the  origin.  For  certain  con- 
ductors, as,  for  instance,  a  D.C.  carbon  electric  arc,  the  characteristic 
is  a  descending  curve  with  concavity  upwards,  and  hence  the  P.D. 
of  the  electrodes  decreases  with  increasing  current.  In  the  case  of 
contacts  under  consideration  the  characteristic  may  be  either  sym- 
metrical on  the  two  sides  of  the  origin  or  not.  If  it  is  not  sym- 
metrical, then  the  reversal  of  the  direction  of  the  apphed  E.M.F. 
causes  a  change  in  the  strength  as  well  as  direction  of  the  current. 
In  all  cases  the  characteristic  is  non-linear.  In  this  case  the  con- 
tact can  act  as  a  rectifier  for  alternating  currents,  and  hence  can 
be  used  alone  without  any  auxiliary  E.M.F.  to  rectify  trains  of  oscilla- 
tions into  gushes  of  electricity  in  one  direction,  and  therefore  these 
trains,  so  rectified,  will  affect  a  telephone.  Accordingly,  a  simple 
rectifier  of  this  kind,  placed  in  series  with  a  telephone,  rectifies  trains 
of  oscillations,  and  if  these  trains  follow  at  regular  and  frequent 
intervals,  a  musical  sound  is  produced  in  the  telephone.  On  the 
other  hand,  if  the  characteristic  curve  is  S3anmetrical,  but  has  points  of 
inflexion  or  change  of  curvature  on  it,  then  an  auxiliary  E.M.F.  must 
be  appUed  to  bring  the  current  through  the  contact  to  the  point  on 
the  characteristic  corresponding  to  that  point  of  inflexion.  The  two 
cases  are  illustrated  in  the  curves  in  Figs.  37  and  38,  and  the  explana- 
tion of  the  last  case  has  been  given  in  connection  with  the  latter 
diagram.  As  far  back  as  1906  it  was  pointed  out  by  H.  Brandes  (see 
EUktrotechniBche  Zeitunff,  vol.  27,  p.  1015,  1906)  that  any  conductor 
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which  departs  from  Ohm's  law  can  be  used  as  a  detector  for  electric 
oscillatioiiB.  If  the  characteristic  is  non-symmetrical,  then  simply 
as  a  rectifier ;  but  if  it  is  symmetrical,  although  with  changes  of  cur- 
vature in  it,  then  it  can  be  used  as  a  detector  by  the  aid  of  an  added 
unidirectional  electromotive  force. 

The  author  of  this  treatise  also  pointed  out  that  in  the  case  of  his 
oscillation  value  described  in  §  15,  the  point  of  maximum  sensitive- 
ness is  at  or  near  a  point  of  inflexion  on  the  characteristic  curve  (see 
British  Patent  Specification,  No.  13,518  of  1908 ;  also  Eoyal  Institu- 
tion Friday  Evening  Discourse,  June  4,  1909). 

A  number  of  rectifying  detectors  were  examined,  at  the  author's 
suggestion,  by  P.  E.  Goursey,^^  who  found  that  there  was  a  good 
general  agreement  between  the  sensitivity  curve  plotted  in  terms  of 
voltage  and  the  curve  representing  the  second  differential  of  the 
characteristic  curve  for  points  corresponding  to  identical  voltages, 
when  these  contact  detectors  were  employed  with  an  auxiliary 
voltage  in  series  as  above  described.  The  author  attempted  to  put 
the  thermoelectric  theory  of  their  action  to  the  test  of  experiment. 
For  this  purpose  some  rods  of  the  most-used  rectifying  materials,  e.g. 
chalcopyrite,  zincite,  graphite,  etc.,  were  prepared  by  crushing  the 
minerals  and  then  compressing  the  powder  into  rods  in  a  mould 
under  great  pressure.  It  was  then  found  that  these  compressed 
materials  had  lost  all  rectifying  power.  Neither  was  it  restored  by 
intensely  heating  the  rods  in  an  electric  arc.  It  appears,  therefore, 
as  if  the  rectifying  power  depends  upon  a  certain  crystalline  structure, 
which  is  destroyed  by  crushing  to  fine  powder. 

Mr.  A.  F.  Hallimond  has  found  that  a  number  of  these  crystalline 
bodies  can  be  arranged  in  onier  like  a  volta  series  of  metals,  such 
that,  for  any  pair  taken  from  the  series,  the  maximum  positive  cur- 
rent flows  under  given  E.M.F.  from  the  mineral  lowest  on  the  list  to 
the  one  highest.  Zincite  stands  at  the  head  of  this  list,  and  chalco- 
pyrite near  the  bottom.  The  author  has  also  noticed  that  there  is  a 
great  difference  in  photoelectric  power  between  the  materials  at 
opposite  ends  of  this  series. 

In  spite  of  all  the  research  on  this  subject,  we  do  not,  however, 
seem  to  have  arrived  at  a  complete  explanation  of  the  phenomena. 

The  following  references  to  United  States  Patent  Specifications 
will  afford  the  reader  the  means  of  gathering  more  information  on  the 
subject  of  contact  or  rectif3ring  detectors. 

G.  W.  Pickard,  No.  836,531,  applied  for  August  30, 1906,  contains 
a  claim  for  the  use  of  silicon  with  copper  as  a  thermoelectric  detector. 

G.  W.  Pickard,  No.  888,191,  applied  for  March  9,  1907,  describes 
the  construction  of  a  rectifying  detector  of  a  brass  point  and  a  mass 
of  silicon  having  a  polished  surface. 

G.  W.  Pickard,  No.  886,164,  September  30,  1907,  describes  a 
rectifylDg  detector  consisting  of  a  metal  point  and  a  mass  of  fused 
oxide  of  zinc. 

G.  W.  Pickard,  No.  912,726,  of  October  15,  1908.  A  detector 
composed  of  a  mass  of  chalcopyrites  (copper  pyrites)  and  native  red 
oxide  of  zinc.     This  is  now  called  the  **  Perikon  "  detector. 

**  See  P.  B.  Conrsey,  "  Some  Characteristic  Ourves  and  Senmtiveness  Tests  of 
Crystal  and  other  Detectors,"  Proc,  Phys,  Soc.  Lond.,  vol.  26,  p.  97,  1914. 
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Also  reference  may  be  made  to  the  following  United  States 
Patent  Specifications  of  G.  W.  Pierce : — 

No.  879,061,  January  11,  1907,  covers  the  rectifying  power  of 
molybdenite. 

No.  879,062,  April  5,  1907,  describes  a  rectifier  made  with  oxide 
of  titanium  (anatase). 

No.  879,117,  April  5,  1907,  describes  the  use  of  telluride  of  silver 
(hessite)  as  a  rectifier. 

No.  923,700,  February  20,  1907,  is  an  application  of  the  rectifying 
power  of  molybdenite  to  control  an  alternating  current  so  as  to 
rectify  it  for  the  purposes  of  charging  storage  cells. 

Also  the  reader  will  find  some  interesting  information  in  the 
following  papers  :— 

A.  B.  H.  Tutton,  WircUss  World,  vol.  1,  p.  232,  1913,  "  Crystals 
as  Rectifiers  and  Detectors.'' 

H.  Sutton,  The  Electrician,  vol.  69,  p.  66,  1912,  "  The  Production 
of  Rectifying  Detectors  by  Mechanical  Means." 

14.  Eleotrodjrnamio  Deteotors. — Since  high  frequency  alter- 
nating currents  or  electrical  oscillations  create  magnetic  fields  varying 
in  a  similar  manner  round  the  conductor  through  which  they  pass, 
and  since  these  fluctuating  fields  can  induce  other  currents  in  closed 
metallio  circuits,  we  may  construct  electric  wave  detectors  which 
depend  for  their  operation  upon  electrodynamic  forces  of  attraction 
and  repulsion. 

One  such  form  of  detector  has  been  employed  in  researches  by 
Professor  G.  W.  Pierce.^  It  is  a  form  of  alternating  current  ammeter 
devised  in  1887  by  the  author.^^^  The  writer  showed  then  that  if 
a  silver  or  copper  disc  is  suspended  by  a  fine  wire  within  a  circular 
ooil,  so  placed  that  the  plane  of  the  disc  makes  an  angle  of  45°  with 
the  axis  of  the  coil,  when  an  alternating  current  flows  through  the 
coil  it  will  induce  secondary  currents  in  the  disc,  and  the  electro- 
magnetic repulsion  between  the  primary  and  induced  currents  will 
cause  the  disc  to  move  so  that  its  plane  lies  more  nearly  at  right 
angles  to  the  plane  of  the  coil  ^^  (see  Fig.  42,  Chap.  II.).  The  theory 
of  the  instrument  has  already  been  given  in  Chap.  II.  §  13. 

This  copper-disc  alternating  current  galvanometer  was  employed 
by  the  author  to  measure  telephone  currents  and  other  feeble  alter- 
nating currents  in  1887.  More  recently  Professor  Pierce  increased 
the  delicacy  of  the  instrument  by  employing  a  disc  of  silver  paper 
suspended  by  a  quartz  fibre,  the  disc  being  hung  at  an  angle  of  45° 
inside  an  ebonite  tube,  on  the  outside  of  which  was  wound  a  coil  of 
insulated  wire.  A  small  fragment  of  silvered  glass  attached  to  the 
disc  served  to  reflect  a  ray  of  light  upon  a  scale,  and  indicated  any 
movement  of  the  disc.  With  this  instrument  qtiantitative  measure- 
ments can  be  made  of  electric  oscillations  taking  place  in  a  circuit. 
Very  much  the  same  device  has  been  employed  by  Fessenden,**  who 

••  See  O.  W.  Pierce,  "  Experiments  on  iBeeonance  in  Wireless  Telegraphy 
Circuits,"  The  PhysiccU  Review,  September,  1904,  vol.  19,  p.  201. 

»  See  The  EUctrician,  May  6, 1887. 

**  For  an  explanation  of  this  i^t,(the  reader  is  referred  to  the  author's  treatise 
on  the  "  Alternate  Current  Transformer,"  vol.  i.  Srd  ed.  §  12,  p.  907. 

**  See  U.S.A.  Patent  Specification  No.  706,786,  application  of  December  15, 
1899. 
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used  a  suspended  silver  ring  and  two  fixed  coils  on  either  side  of  it, 
through  which  the  oscillations  passed. 

Tfos  form  of  cymoscope,  like  the  thermal  instruments,  measures 
the  root-mean -square  or  integral  value  of  the  oscillations.  The 
mechanical  forces,  however,  are  small,  and  these  electrodynamic 
instruments  are  not  as  sensitive  as  even  the  best  forms  of  thermal 
detector. 

15.  Ionized  Oas  and  Thermionic  Detectors. — The  special 
qualities  of  gaseous  conductors,  especially  rarefied  gases  in  so-called 
vacuum  tubes,  have  been  utilized  for  the  detection  and  measurement 
of  electric  oscillations,  and  therefore  of  electric  waves. 

Professor  Eighi  availed  himself  of  one  striking  peculiarity  of  rare- 
fied gases  as  conductors,  as  follows :  It  is  well  known,  as  first  shown 
by  Yarley,  that  if  a  glass  tube  having  platinum  electrodes  sealed  into 
it,  and  a  vacuum  of  about  one-thousandth  of  an  atmosphere  made  in 
it,  is  subjected  to  electromotive  force,  no  current  will  flow  through  it 
until  a  certain  voltage,  say  of  300  volts  or  so,  is  exceeded*  Beyond 
that  Hmit  the  current  which  flows  is  almost  exactly  proportional  to 
the  excess  of  the  voltage  above  this  critical  value.  Hence,  if  a  small 
vacuum  tube  is  connected  in  series  with  a  battery  of  voltaic  cells 
giving  some  voltage  a  little  less  than  the  critical  value,  no  glow  will 
take  place  in  the  vacuum  tube,  because  no  current  passes.  If,  how- 
ever, the  same  circuit  includes  a  coil  in  which  electric  oscillations  are 
excited,  then  the  electromotive  force  of  these  induced  oscillations  will, 
in  one  direction,  be  added  to  the  electromotive  force  of  the  battery, 
and  will  send  a  current  through  the  gas  and  cause  it  to  glow.  Eighi 
employed  a  vacuum  tube  in  which  a  very  small  space  intervened 
between  the  electrodes,  and  employed  a  battery  of  300  or  more  simple 
form  of  primary  voltaic  cells  to  produce  the  required  "  boosting  "  or 
auxiliary  electromotive  force. 

The  vacuum  tube  then  glowed  when  electric  oscillations  were  set* 
up  in  the  coil  in  series  with  it. 

L.  Zehnder  employed  a  vacuum  tube  in  a  slightly  diflierent  manner 
as  a  detector  of  Hertz  oscillations.**  He  took  advantage  of  another 
well-known  fact  connected  with  electrical  discharge  through  rarefied 
gases. 

A  vacuum  tube  of  the  ordinary  kind  has,  in  addition  to  the  usual 
platinum  electrodes,  another  pair  of  electrodes  at  right  angles,  placed 
with  their  ends  very  close  (see  Fig.  39).  If,  then,  a  high  potential 
battery,  say  of  300  or  400  cells,  is  applied  in  series  with  a  high  resist- 
ance, and  the  tube  used  in  the  ordinary  way,  we  may  adjust  the 
number  of  cells  until  the  electromotive  force  is  just  not  sufficient  to 
cause  a  glow  discharge  in  the  tube.  Then  if  a  very  small  discharge  is 
sent  between  the  transverse  electrodes,  this  glow  discharge  causes  the 
general  mass  of  the  rarefied  gas  to  become  a  conductor  for  the  steady 
battery  electromotive  force,  and  the  vacuum  tube  bursts  into  glow. 
This  arrangement  is  sometimes  called  a  Zehnder  "trigger  tube," 
because  the  small  transverse  discharge,  so  to  speak,  sets  off  the  longi- 
tudinal discharge  in  the  tube.    The  transverse  electrodes  which  convey 

•*  See  "The  Objective  Eepresentation  of  Hertz's  Researches  in  Electrical 
Kadiation,"  by  L.  Zehnder,  Wied.  AnncUen  der  Physik,  1892,  vol.  47,  p.  82 ;  also 
The  Elect/ndan,  1892,  vol.  80,  p.  268. 
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the  oscillatory  discharge  through  the  gas  are  placed  quite  close  to  the 
cathode  of  the  continuous  current  electrodes,  since  it  is  known  that 
at  the  cathode  the  great  resistance  to  discharge  is  situated.  In  this 
manner  a  Hertzian  spark  too  feeble  to  be  visible  at  a  distance  can  be 
rendered  manifest  by  its  power  to  start  off  another  discharge  from  a 
powerful  battery  acting  on  the  same  mass  of  rarefied  gas. 

We  have  then  to  consider  next  a  class  of  oscillation  detector  based 
on  the  emission  by  incandescent  bodies  of  electrons,  or  thermions 


From  *'  The  JBec<ricicm." 

Fig.  S9. — Zehnder's  Trigger  Vacuum  Cymoscope. 

as  they  are  now  called.     The  first  of  these  was  devised  by  the  author 
in  1904,  called  by  him  an  oscillation  valve. 

If  we  seal  into  a  highly  exhausted  glass  bulb  two  carbon  filaments 
as  used  in  incandescent  lamps  (see  Fig.  40  b),  we  find  that  when  both 
these  filaments  are  cold,  the  vacuum  or  highly  rarefied  air  left  in  the 
bulb  is  a  very  perfect  non-conductor  of  electricity.     Even  an  in- 


Fig.  40.— Fleming  Oscillation  Valves. 


duction  coil  will  not  send  a  discharge  through  the  bulb  from  one 
filament  to  the  other  if  the  exhaustion  has  been  pushed  far  enough. 

If,  however,  the  carbon  filaments  are  made  incandescent  by 
insulated  baliteries,  then  it  is  found  that  the  electromotive  force  of  a 
single  cell  is  sufficient  to  send  a  current  across  the  interspace  between 
the  filaments.*^   This  can  be  proved  if  we  connect  a  galvanometer  and 

**  See  J.  A.  Fleming, "  On  Electric  IMscharge  between  Electrodes  at  Different 
Temperatures  in  Air  and  High  Vacua,'*  Proe.  Roy,  Soc,  Lond.,  1890,  vol.  47,  p.  122 ; 
also  Proc,  Boy,  Institution,  vol.  13,  p.  46,  Friday  Evening  Discourse,  Feb.  14, 
1890. 
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single  cell  in  series  between  the  two  ends  of  the  carbon  filaments,  which 
are  in  connection  with  the  negative  poles  of  the  respective  insulated 
batteries.  We  may  employ  a  single  carbon  filament  and  a  metal  plate 
or  cylinder  surrounding  it  (see  Fig.  40  a,  or  40  c),  and  if  we  then  render 
the  carbon  filament  incandescent  by  a  local  battery,  it  is  found  that 
a  single  cell  will  pass  a  current  through  the  vacuous  space  between 
the  cylinder  and  the  hot  filament,  provided  that  this  single  cell  has 
its  negative  pole  in  connection  with  that  end  of  the  filament  which 
is  itself  in  connection  with  the  negative  end  of  the  heating  battery. 
If  the  connections  of  the  single  cell  are  reversed,  then  little  or  no 
current  passes. 

The  space  between  the  cold  cyhnder  and  the  hot  carbon  filament 
possesses,  therefore,  a  unilateral  conductivity.  Negative  electricity 
can  pass  from  the  hot  filament  to  the  cold  metal  cylinder  through 

the  highly  rarefied  gas, 
but  not  in  the  opposite 
direction.  The  arrange- 
ment acts  as  an  electrical 
valve  for  electric  currents. 
The  author  furthermore 
discovered  that  this  device 
could  be  used  to  separate 
out  the  two  constituent 
currents  of  an  electrical 
oscillation  ,9<^  and  so  render 
it  possible  for  an  electrical 
oscillation  to  affect  an  ordi- 
nary galvanometer  or  a 
train  of  oscillations  affect 
a  telephone.  To  do  this 
the  valve,  now  called  an 
oscillation  valve,  is  used  as 
follows : — 

One  of  the  above-de- 
scribed bulbs,  O,  has  its 
insulated  plate  and  filament 
connected  respectively  with 
the  secondary  coil  S  of  an 
oscillation  transformer  and 
a  galvanometer  or  current 
detector  G  joined  in  between  one  terminal  of  S  and  the  negative  terminal 
of  the  carbon  filament  (see  Fig.  41).  If  electric  oscillations  are  induced 
in  this  secondary  circmt  S  by  a  primary  coil,  P,  then  when  the  carbon 
filament  is  made  incandescent  by  an  insulated  battery,  B,  only  one  of 
the  currents  forming  the  oscillation  is  allowed  to  pass,  viz.  that  in 
which  the  movement  of  negative  electricity  is  from  the  carbon  filament 
to  the  metal  cylinder  through  the  vacuous  space.  The  galvanometer, 
therefore,  is  affected  only  by  the  flow  of  electricity  in  one  direction, 
and  its  needle  or  coil  is  therefore  deflected.     In  each  train  of  oscilla- 

**  See  J,  A.  Fleming,  **  On  the  Conversion  of  Electric  Oscillations  into  Con- 
tinuous Currents  by  means  of  a  Vacuum  Valve,'*  Proc,  Roy,  Soc,  Land.,  1905,  vol. 
74,  p.  476. 


Fig.  41. — Mode  of  using  a  Fleming  Oscillation 
Valve  to  rectify  Electric  Osculations  and 
render  them  detectable  by  an  Ordinary 
Galvanometer,  G. 
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tion  the  positive  ourrentg  are,  so  to  speak,  sifted  out  from  the  negative, 
and  only  one  set  allowed  to  pass.  We  are  therefore  able  to  employ 
a  sensitive  mirror  galvanometer  of  the  ordinary  tjrpe  to  detect  the 
existence  of  electric  oscillations  in  a  circuit. 

When  the  rectifying  quality  of  the  valve  is  to  be  used  for 
detecting  electric  waves,  or  as  a  receiver  in  wireless  telegraphy,  the 
oscillation  transformer,  P,  S, 
associated  with  the  antenna 
A  has  its  primary  circuit  in- 
cluded between  the  aerial 
wire,  A,  and  the  earth,  E 
(see  Fig.  42). 

The  secondary  circuit  of 
the  transformer  is  closed  by 
a  condenser,  G,  and  one 
terminal  of  this  condenser  is 
connected  to  the  cylinder  or 
plate  of  the  valve  V,  and  f 
the  other  to  the  negative  ter- 
minal of  the  filament.  A 
local  battery,  B,  is  employed 
to  incandesce  this  filament. 
A  telephone,  T,  is  inserted  . 
in  the  circuit.  ^ 

When  electric  waves  fall 
on  the  antenna  they  excite 
oscillations  in  the  condenser 
G,  and  these  are  rectified  by 
the  unilateral  conductivity  of  Fia.  42.— Fleming  Osoillation  Valve  nsed  as 
the  rarefied  gas  between  the  •  CymoBcope  or  Electric  Wave  Detector 

filament    and    the    cylinder,  in  Wirelew  Telegraphy.   A  antenna;  V, 

U4VUU   »ux±    ouo    ojriixiwi,  valve    B,  heating  battery ;  T,  telephone ; 

mto     an     intermittent     but         E,  earth  plate, 
unidirectional  current  in  the 

circuit  containing  the  telephone.*^  ^t  each  train  of  oscillations 
the  telephone  is  traversed  by  a  gush  or  flow  of  electricity  in  one 
direction  giving  rise  to  a  sound. 

Mr.  Marconi  modified  this  arrangement  of  the  author's  in  1907 
by  inserting  an  additional  transformer,  J,  and  condenser,  G^,  as  shown 
in  Fig.  43.W 

In  both  Mr.  Marconi's  and  the  author's  above-described  methods 
of  employing  the  valve,  we  are  utilizing  the  unilateral  conductivity  of 
the  ionized  gas  which  it  possesses  in  virtue  of  the  electrons  discharged 
from  the  incandescent  filament. 

On  the  other  hand,  we  may  employ  this  detector  in  another 
manner,  depending  on  the  fact  that  such  ionized  gas  as  a  conductor 
does  not  obey  Ohm's  law. 

It  is  well  known  that  the  conductivity  of  rarefied  gases  differs 
in  nature  from  that  of  metals  or  electrolytes.     If  we  apply  a  steadily 

*'  See  British  Patent  Specification,  No.  24,850,  November  16,  of  1904,  J.  A. 
Fleming;  also  U.S.A.  Patent  Specification,  No.  808,684,  of  April  19, 1905;  and 
Qerman  Pbtent.  No.  186,084,  issued  May  6, 1907. 

**  See  British  Patent  Specification,  No.  887,  of  1907,  0.  Marconi. 
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increasing  electromotive  force  to  a  mass  of  rarefied  gas  by  means  of 
two  electrodes,  the  negative  one  being  incandescent,  then  the  current 
through  the  gas  does  not  increase  proportionately  to  the  electromotive 
force.  The  current  rises  up  to  a  maximum  value,  at  which  it  is  said 
to  be  saturated.i^o  Hence  the  gas,  as  a  conductor,  does  not  obey 
Ohm's  law.     Also  the  conductivity,  which  is  the  ratio  of  current  to 

voltage,  rises  to  a  maximum 
and  then  falls  off.  The 
curves  in  Fig.  44  show  how 
the  current  and  conduc- 
tivity of  the  vacuous  space 
vary  in  one  of  the  above- 
described  oscillation  valves 
when  increasing  voltages 
are  applied  between  the 
metal  cylinder  and  the  car- 
bon filament,  the  latter 
heated  to  various  tempera- 
tures. 

The  resistance  of  the 
vacuous  space  may  there- 
fore vary  from  millions  of 
ohms  to  a  few  ohms,  ac- 
cording to  the  voltage 
applied  and  the  tempera- 
ture of  the  filament.  The 
valve  rectifies  the  oscilla- 
tions   or    becomes 


more 


Fig.  48.— Marconi's  Arrangement  of  Circuits  T^^i^rJ^i^  ""^,*,;iof™i  ";^ 
for  using  the  Fleming  Oscillation  Valve  as  completely  unilateral  m 
a  Badiotelegraphic  Beceiver.  conductivity  the  colder  the 

metal  cylinder  is  kept.  If 
we  allow  the  cylinder  to  become  warmed  by  radiation  from  the 
filament,  then  the  flow  of  electricity  between  the  carbon  filament  and 
cylinder  is  not  altogether  in  one  direction.  When  made  as  shown 
in  Fig.  40,  and  used  with  a  carbon  filament  at  that  temperature  at 
which  it  is  working  at  about  3  watts  per  candle,  the  rectification  is 
from  80  to  85  per  cent. 

If  we  consider  a  portion  of  the  characteristic  or  current- voltage 
curve  which  lies  between  the  origin  and  the  knee  of  the  curve  (which 
is  shown  on  an  enlarged  scale  in*  Fig.  45),  we  shall  find  that  its 
curvature  is  not  constant,  but  that  corresponding  to  certain  abscisses 
representing  a  steady  voltage  apphed  to  the  ionized  gas  there  is  a 
marked  change  in  curvature,  so  that  the  second  differential  of  the 
curve  has  a  large  value.  If  then  corresponding  to  this  point  we 
increase  and  diminish  the  voltage  by  small  amounts,  as  by  super- 
posing an  alternating  voltage  on  the  steady  voltage,  the  corresponding 
current  will  have  a  mean  value  which  will  be  greater  than  the  current 
corresponding  to  the  steady  voltage,  as  already  explained  in  con- 
nection with  the  carborundum  crystal  (see  Fig.  38). 

Hence  if  we  apply  this  critical  stcNEtdy  voltage  in  series  with  the 

••  See  Proc.  Roy,  Soc,  Land.,  1906,  vol.   74,   p.  483;    also  Prof.  Sir   J.  J. 
Thomson,  on  '*  Conduction  of  Electricity  through  Oases,"  chap.  viii. 
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ionized  gas  and  with  a  telephone,  we  shall  find  that  the  addition  in 
the  circuit  of  an  alternating  voltage  creates  a  sound  in  the  telephone. 
Accordingly,  we  can  make  use  of  this  property  of  the  ionized  gas, 
viz.  that  its  current-voltage  curve  is  not  linear,  in  other  words,  that  it 


20        30       4^        SO        60        70        80        90        100 
PoTMffTtAL    DiFre^gMce   OF  ELgermooes   ifi   ^ocrs. 

Pig.  44.--Curvo  showing  the  Variation  of  Current  through  a  Fleming  Oscillation 
Valve  with  Increasing  Potential  Difference  between  the  Negative  Carbon 
Filament  Terminal  and  Insulated  Plate. 

does  not  obey  Ohm's  law,  in  the  following  manner :  An  oscillation 
circuit  (see  IHg.  46),  consisting  of  a  condenser  0  and  one  coil  of  an 
oscillation  transformer,  P,  S,  is  coupled  to  an  antenna  A,  which  is  in 
series  with  the  other  coil  of  the  oscillation  transformer.  To  one 
terminal  of  the  condenser  in  the  oscillation  circuit  is  attached  the 
cylinder  of  the  vacuum 
valve  V.  The  filament 
of  the  valve  is  rendered 
incandescent  by  a  local 
battery,  B,  and  regulated 
by  a  variable  rheostat  in 
series  with  it.  This  bat- 
tery is  also  shunted  by 
a  high  resistance,  r,  hav- 
ing a  sliding  contact 
upon  it,  and  this  contact 
is  connected  with  the 
other  terminal  of  the 
condenser  in  the  oscilla- 
tion circuit  through  a  telephone  T.  It  will  be  seen,  therefore, 
that  this  arrangement  is  equivalent  to  putting  a  certain  exactly 
adjustable  steady  voltage  in  series  with  the  telephone  and  the 
ionized  gas  of  the  valve,  and  also  making  arrangements  for  super- 
imposing upon  this  critical  steady  voltage  an  oscillatory  voltage 
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Fia.  45. — Lower  part  of  the  Characteristic  Curve 
of  Highly  liarefied  Qas  between  Heated 
Electrodes. 
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derived  from  oBcillations  set  up  in  the  condenser  circuit.  If,  then, 
the  slider  on  the  rheostat,  r,  is  adjusted  to  a  position  such  that  the 
voltage  applied  to  the  ionized  gas  is  exactly  sufficient  to  bring  it  to 
that  point  on  the  characteristic  curve  at  which  a  sudden  change 
of  curvature  takes  place,  or  change  in  conductivity,  then  it  will  be 
found  that  the  setting-up  oscillations  in  the  condenser  circuit  will 
superpose  upon  this  steady  voltage  an  alternating  voltage,  and  in 
accordance  with  the  principles  just  above  explained,  this  will  cause 
a  greater  current  to  flow  through  the  telephone,  and  a  sound  will 
therefore  be  produced  in  the  telephone  if  electric  waves  continue 

to  fall  upon  the  antenna. 
The  author  found  later 
on  that  greatly  improved 
results  can  be  obtained 
by  employing  a  particular 
type  of  glow  lamp  with 
a  tungsten  filament  and 
an  insulated  cylinder  of 
copper  surrounding  it. 
The  electronic  emission 
from  the  tungsten  is 
greater  than  from  car- 
bon, probably  because  it 
is  a  better  conductor, 
and  can  be  raised  without 
volatilization  to  a  much 
higher  temperature  than 
carbon.ioo  The  author 
now  uses  this  tungsten 
glow  lamp  detector  as 
above  described.  It  will 
therefore  be  seen  that 
both    with    the    crystal 

Fig.  46.-Diagram  of  Circuits  when  using  the  f'^d  i^^^i^f  g^s  detectors 
Fleming  Oscillation  Valve  as  a  OymScope  ^^^^  ^^^  ^"^^  methods  of 
based  on  the  Non-linear  form  of  the  Charac-  procedure  in  using  them 
teristic  Curve  of  Rarefied  Gas.  as    radiotelegraphic    re- 

ceivers. We  may  either 
make  use  of  the  property  of  unilateral  conductivity  possessed  by 
these  substances  and  rectify  trains  of  oscillations  by  means  of 
them,  or  we  may  make  use  of  the  non-linear  character  of  the 
characteristic  curve.  As  already  mentioned,  any  form  of  electric 
conductor  in  which  the  characteristic  volt-ampere  curve  is  not  a 
straight  line  is  capable  of  acting  as  a  detector  for  electric  oscillations 
owing  to  the  fact  that  their  characteristic  curves  exhibit  changes  of 
curvature  at  certain  points,  and  that  therefore  the  superposition  of 
an  alternating  voltage  upon  a  steady  voltage  may  be  caused  to  create 
an  increase  of  current  through  such  a  conductor. 

In  connection  with  this  tungsten  and  carbon  glow  lamp  detector 
the  question  has  been  raised  as  to  the  origin  of  the  ions  which  proceed 
from  the  filament.     Some  experimentalists  have  contended  that  they 
^•«  See  British  Patent  Specification  of  J.  A.  Fleming,  No.  13,618,  of  1908. 
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originate  in  gas  occluded  in  the  carbon  or  tungsten ,  and  that  if  the 
filament  is  very  carefully  freed  from  this  gas  the  ionic  emission 
ceases. 

Prof.  O.  W.  Bichardson  ^o^  has  described  careful  experiments  to 
show  that  this  is  not  the  case,  and  that  the  negative  ions  are  electrons 
which  are  emitted  from  the  incandescent  body.  These  electrons  are 
not  created  out  of  the  tungsten  or  the  surrounding  gas ;  thev  must 
therefore  be  the  free  electrons  which  exist  in  the  metal  and  bestow 
upon  it  electric  conductivity  according  to  the  electronic  theory.  This 
emission  of  electrons  is  called  a  thermionic  current.  At  high  tempera- 
tures it  may  amount  to  several  milliamperes  from  a  filament  3  or  4 
inches  long  and  of  the  diameter  used  in  tungsten  lamps.  Prof.  O.  W. 
Bichardson  showed  that  the  number  of  electrons,  N,  given  ofif  per 
square  centimetre  per  second  from  an  incandescent  filament  of  carbon 
or  metal  at  an  absolute  temperature  0,  when  in  a  good  vacuum  corre- 
sponding to  the  saturation  current,  is  represented  by  the  formula — 


N  =  kV0€ 


-b/9 


Where  for  carbon  the  constant,  A,  has  some  such  value  as  10^  and 
b  some  value  between  7*8  X  10*  and  11-9  x  10*. 

If  the  bulb  including  the  conductor  to  be  rendered  incandescent  is 
not  exhausted  to  an  extremely  high  vacuum  and  if  the  glass  surfaces 
and  the  conductor  itself  are  not  perfectly  freed  from  adhering  or 
occluded  gas  by  prolonged  heating,  then  secondary  effects  arise  which 
are  due  to  the  ionization  of  the  residual  gas  by  the  electrons  emitted 
by  the  incandescent  body.  The  result  is  the  production  of  positive 
ions  from  the  gas  molecules,  and  these  being  drawn  in  towards  the 
filament  bombard  it  and  produce  disintegration  of  the  cathode 
surface.  If,  however,  an  extremely  high  vacuum -is  made  in  the 
bulb,  and  all  occluded  gases  removed  oy  heating,  the  phenomena 
of  pure  thermionic  emission  are  obtained.  By  ^uch  precautions 
Dr.  I.  Langmuir  has  made  very  effective  forms  of  the  author's 
oscillation  valve  which  for  some  reason  he  has  found  necessary  to 
christen  by  the  new  name  of  Kenotron.  The  author,  however,  stiates 
distinctly  in  his  British  Patent  Specification  of  November,  1904,  that 
the  vacuum  in  the  bulb  should  be  as  high  as  possible. 

In  April,  1904,  Dr.  A.  Wehnelt  102  described  a  discovery  connected 
with  the  issue  of  ions  from  glowing  solids,  of  considerable  interest. 
There  are  some  bodies,  such  as  the  oxides  of  barium  and  calcium, 
which  exhibit  very  considerable  thermionic  emission,  far  greater  than 
carbon  and  metals.  He  found  that  if  a  metal  strip  of  platinum  is 
covered  with  a  thin  layer  of  oxides  of  calcium,  barium,  or  strontium, 
and  if  the  platinum  is  rendered  incandescent  by  an  electric  current, 

»•!  See  The  Electrician,  vol.  78,  p.  22,  April  10, 1914,  "  On  the  Emission  of 
Electrons  from  Tungsten  at  High  Temperatures."  See  also  Phil.  Mag,,  vol.  26, 
p.  845,  August,  1918.  See  also  O.  W.  Richardson,  Phil,  Trans.  Boy.  Soc.,  vol.  201, 
A,  p.  497, 1908,  *'  On  the  Electrical  Conductivity  Imparted  to  a  Vacuum  by  Hot 
Conductors." 

^^*  See  A.  Wehnelt,  '*Ueber  den  austritt  Negativer  lonen  aus  gltihenden 
Metallverbindungen  und  damit  zusammenhangende  Erscheinungen,'  Annalen 
der  Physik,  vol.  14,  p.  425, 1904.  Also  A.  Wehnelt,  "  On  the  Discharge  of  Nega- 
tive Ions  by  glowing  Metallic  Oxides,"  Phil.  Mag,,  July,  1905,  p.  80. 
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such  a  strip,  if  used  as  the  cathode  in  a  vacuum  tube,  gives  an 
abnormally  large  discharge  of  negative  ions.  This  cathode  is  nov7 
called  a  Wehnelt  cathode.  Such  cathode  can  be  made  by  placing  a 
fragment  of  hme  on  a  platinum  strip  which  is  electrically  heated. 
Dr.  Wehnelt  applied  his  discovery  in  the  construction  of  a  form  of 
vacuum  valve  by  sealing  into  a  glass  bulb  an  anode  terminal  and  also 
a  cathode  consisting  of  an  oxide-covered  platinum  strip,  the  strip  being 
heated  to  a  bright  red  heat  by  an  electric  current,  and  the  glass  bulb 
exhausted   of  its   air.io*      He  described  this  device  in  a  German 


UOHfft 
By  permitiion  of  the  Prcprietort  qf  "  The  Electrician.*' 

FiQ.  47. — Thermionic  Belay  of  Lieben,  Beisz  and  Strauss. 


patent  in  1904,  as  an  electric  valve,  but  did  not  claim  its  use  in 
connection  with  radiotelegraphy.  As  already  mentioned,  the  author 
had  shown  in  1890  the  use  of  a  vacuum  tube  with  incandescent 
cathode  as  a  means  of  rectifying  alternating  currents ;  and  in  1904 
used  it  for  rectifying  electric  oscillations  and  as  a  radiotelegraphic 
receiver. 

The  Wehnelt  oxide  cathode  has  been  applied  by  B.  von  Lieben, 
E.  Beisz  and  S.  Strauss  in  the  construction  of  a  sensitive  relay  which 
can  also  be  used  as  a  radiotelegraphic  receiver.^o^ 

The  construction  of  the  apphance  is  as  follows :  A  glass  bulb  like 
that  of  an  incandescent  lamp  has  in  it  a  strip  of  platinum,  K,  coated 

*"  See  Dr.  A.  Wehnelt,  *'Ein  Elektrisches  Ventilrohr,"  Ber.  der  PhysikaUflch 
MeMginischen  Soc.  in  Erlangen,  vol.  87,  1905. 

i«*  See  E.  Reisz,  "A  New  Method  of  Magnifying  Electrio  Currents,"  The 
Electrician,  vol.  72,  p.  726,  February  6, 1914.  See  also  German  Patent  Specifica- 
tion of  E.  von  Lieben,  No.  179,807,  and  British  Patent  Specification,  No.  1482  of 
1911. 
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with  barium  and  calcium  oxides  as  its  filament  (see  Fig.  47).  This  is 
rendered  incandescent  by  a.  local  battery.  Above  the  glower  is  a 
metal  grid,  H,  which  has  an  external  terminal  sealed  through  the 
glass.  Above  this  is  another  platinum  wire,  A,  sealed  through  the 
glass. 

When  used  as  a  radiotelegraphic  receiver  the  Wehnelt  cathode  is 
made  incandescent  by  a  battery  of  30  volts.  Across  the  terminals  of 
this  battery  is  a  resistance,  and  a  sliding  contact  on  this  resistance  is 
connected  to  one  terminal  of  the  receiving  circuit  condenser.  The 
other  condenser  terminal  is  connected  to  the  grid.  The  anode,  A,  is 
connected  through  an  auxiliary  or  boosting  battery,  and  through  a 
telephone  receiver  with  the  positive  terminal  of  the  heating  batte^. 

A  similar  or  very  similar  arrangement  had  previously  been 
described  by  Lee  de  Forest  in  a  United  States  Specification,  No. 


Fig.  48. — Double  Anode  ThermioDio  Detector  or  Andion. 


879,532,  applied  for  January  29, 1907,  one  diagram  of  which  is  repro- 
duced in  Fig.  48.  It  is  this  particular  form  of  ionized  gas  detector  to 
which  de  Forest  now  applies  the  name  Audion  (see  also  British 
Patent  Specification,  No.  1427  of  1908). 

This  appUance  consists  of  a  glass  bulb  D  (see  Fig.  48),  having 
sealed  into  it  a  carbon  or  metal  filament,  F,  like  an  incandescent 
lamp.  The  bulb  is  highly  exhausted.  Also  a  metal  plate,  b,  carried 
on  a  vrire  sealed  through  the  bulb  is  fixed,  as  in  the  case  of  the 
author's  oscillation  valve.  In  addition  to  this  another  zigzag  or  grid 
of  wire,  a,  is  sealed  into  the  bulb,  which  is  placed  between  the  filament 
and  the  above-named  insulated  plate.  In  operation  the  filament  is 
rendered  incandescent  by  a  local  battery,  A,  and  the  negative  leg  of 
the  filament  and  the  grid  are  connected  respectively  to  the  terminals 
of  the  condenser  G  in  the  closed  receiving  circuit.  A  separate  con- 
denser, C,  is  interposed  between  the  grid  and  the  receiving  condenser. 
The  insulated  plate  b  is  connected  with  the  positive  terminal  of  the 
filament  through  a  circuit  which  contains  a  telephone  receiver,  T,  and 
a  separate  boosting  battery,  B,  the  negative  pole  of  which  must  be 


538      DETECTION   AND   MEASUREMENT   OE    ELECTRIC    WAVES  • 

joined  to  the  positive  leg  of  the  filament.  The  audion  differs,  there- 
fore, from  the  author's  oscillation  valve  in  having  a  grid  and  a  plate 
sealed  into  the  bulb  in  place  of  the  single  metal  cylinder  surrounding 
the  filament.  A  very  similar  appliance  has  been  developed  by  Dr. 
Langmuir  and  called  by  him  a  Pliotron,  The  distinguishing  charac- 
teristic of  this  last-named  form  is  the  employment  of  Tungsten  wire 
for  the  incandescent  filament  and  grids  of  the  same  material  for  the 
two  anodes.  The  tungsten  wire  is  most  thoroughly  freed  from 
occluded  gases  and  an  extremely  high  vacuum  made  in  the  bulb. 
Under  these  conditions  the  physical  phenomena  in  the  bulb  arer 
almost  wholly  determined  by  the  emission  of  electrons  from  the 
incandescent  filament  and  secondary  effects  due  to  the  ionisation  of 
residual  gases  in  the  bulb  are  absent.  In  the  case  of  the  highly 
vacuous  bulb  containing  one  cold  insulated  plate  in  addition  to  the 
incandescent  filament,  which  by  whatever  name  it  is  re-christened  is 
only  the  author's  oscillation  valve,  we  can  employ  it  as  already  shown 
in  two  ways  as  a  detector  of  oscillations.  We  can  either  make  use  of 
the  simple  rectifying  power  of  the  vacuous  space  to  rectify  trains  of 
oscillations  into  single  gushes  of  electricity,  or  we  may  make  use 
of  the  fact  that  the  characteristic  curve  has  changes  of  curvature  in 
it.  Hence  if  a  steady  boosting  voltage  is  employed  to  impress  on 
the  space  between  the  filament  and  plate  the  particular  voltage  corre- 
sponding to  this  change  of  curvature,  it  will  be  found  that  the  addition 
of  a  small  alternating  voltage  increases  the  current  through  the 
vacuous  space  as  already  explained  in  connection  with  crystal 
detectors.  But  the  vacuous  bulb  with  hot  electrode  and  grid  and 
plate  in  it,  as  in  Fig.  48,  has  an  additional  property.  In  this  case  a 
characteristic  curve  may  be  plotted  the  abscissae  of  which  are 
potential  differences  between  the  filament  and  the  grid  and  the 
ordinates,  the  current  flowing  under  the  applied  boosting  voltage 
from  the  filament  to  the  anode  plate.  It  is  found  that  this  curve 
has  marked  changes  of  curvature  and  that  at  one  point  it  trends  very 
rapidly  upwards.  This  shows  that  at  a  certain  point  a  small  increase 
in  the  positive  potential  of  the  grid  will  make  a  very  great  increase 
in  the  current  flowing  to  the  plate.  When  the  grid  is  charged 
negatively  it  repels  the  electrons  reaching  it  from  the  filament  and 
prevents  them  from  reaching  the  plate.  When  the  grid  is  positive 
it  attracts  the  electrons  and  more  pass  through  it  and  reach  the  plate. 

The  function  pf  the  grid  is  to  catch  or  deflect  the  ions  emitted 
from  the  incandescent  body  and  hence  to  alter  the  conductivity  of 
the  gaseous  medium  between  the  grid  a  and  the  plate  h  or  second 
anode.  This  varies  the-  current  through  the  telephone,  and  by  the 
use  6i  a  high-boosting  voltage  the  arrangement  acts  as  an  amplifier 
as  well. 

The  action  of  this  last  form  of  thermionic  receiver  is  identical  with 
that  of  the  author's  oscillation  valve  as  far  as  concerns  the  physical 
operations  taking  place  between  the  incandescent  filament  and  the 
grid.  The  unilateral  conductivity  of  this  space  causes  the  grid  and  any 
condenser  in  series  with  it  to  become  charged  negatively  or  to  be 
robbed  of  a  positive  charge.  Hence  the  occurrence  of  a  train  of 
oscillations  in  the  aerial  wire  and  closed  condenser  circuit  in  connec- 
tion with  it  causes  a  pulsatory  negative  potential  to  appear  on  the 
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grid.  This  reduces  the  cnrrent  flowing  from  the  battery  through  tha 
telephone  which  has  its  negative  terminal  attached  to  the  incandes- 
cent filament  and  its  positive  end  to  the  anode  or  plate  on  the  other 
side  of  the  grid. 

This  arrangement  has  been  called  an  amplifier  because  the 
variation  in  the  current  through  the  telephone  is  greater  than  would 
be  the  case  if  the  telephone  were  inserted  in  the  external  circuit  con- 
necting the  grid  to  the  filament  as  in  Fig.  42. 

The  fundamental  principle  of  the  appliance  is,  however,  the  same 
as  in  the  case  of  the  author's  oscillation  valve,  viz.  the  thermionic 
emission  of  negative  ions  from  the  incandescent  filament. 

The  reader  may  be  referred  for  further  information  to  a  Paper  by 
Dr.  E.  H.  Armstrong,  in  the  Proceedings  of  the  InstituU  of  Radio 
Engineers  of  New  York,  vol.  iii.  p.  215,  September,  1915,  on  "  The 
Audion  as  Detector  and  Amplifier."  Also  to  a  Paper  by  Dr.  Irving 
Langmuir  in  the  same  volume. 

An  important  quality  of  this  double  anode  thermionic  detector  is 
that  two  or  more  of  these  appliances  can  be  connected  in  series,  so 
that  variations  in  the  potential  of  the  grid  of  the  first  creates  greater 
variations  in  the  ancde  plate,  and  this  again  is  made  to  vary  the 
potential  of  the  grid  of  the  second  amplifier,  and  hence  to  create  a 
still  greater  variation  in  its  plate  potential. 

The  arrangement  is  shown  in  Fig.  18  of  Chap.  X.  It  is  called 
a  chain  of  thermionic  amplifiers.  It  will  be  seen  by  examining  the 
diagram  referred  to  that  the  oscillations  in  an  antenna  are  rectified 
by  the  unilateral  conductivity  of  the  first  thermionic  bulb,  and  that 
its  grid  will  have  a  negative  charge  created  in  it  which  in  turn  affects 
the  potential  of  the  anode  plate  and  raises  it.  Hence  there  is  a 
reduced  current  through  the  first  plate  circuit.  This  is  transformed 
by  the  transformer  coupling  the  two  bulbs,  so  that  variations  of  the 
negative  potential  of  the  grid  of  the  second  bulb  take  place.  These 
in  turn  alter  the  current  in  the  plate  circuit  of  the  second  bulb,  so 
that  an  increased  variation  takes  place  in  the  current  passing  through 
the  telephone  in  that  circuit.  We  have,  therefore,  a  multiplying  or 
amplifying  action  which  enormously  increases  the  effect  produced  by 
a  feeble  train  of  oscillations  in  the  antenna. 

One  single  thermionic  detector  with  grid  and  plate  can,  however, 
be  made  to  effect  an  amplifying  action  by  couphng  inductively  the 
grid  and  plate  circuits  as  shown  in  Fig.  7  of  Chap.  X.  On  reference 
to  that  diagram  it  will  be  seen  that  the  oscillations  in  the  antenna  are 
caused  to  create  oscillations  in  a  coupled  condenser  circuit,  which 
also  includes  the  primary  coil  of  an  oscillation  transformer,  the 
secondary  circuit  of  which  is  included  in  the  plate  circuit.  Hence, 
any  variations  in  this  latter  current  re-act  back  on  the  grid  circuit, 
and  by  winding  the  two  transformer  circuits  in  the  right  directions 
these  currents  in  the  plate  and  grid  circuits  may  be  made  to  amplify 
each  other  by  a  reaction  which  resembles  that  of  the  self-exciting 
dynamo. 

Moreover,  this  reaction  may  be  increased  to  a  point  at  which  the 
oscillations  become  self-sustaining,  the  energy  being  drawn  from  the 
battery  in  series  with  the  anode  plate.  The  appliance  then  becomes 
a  means  of  producing  oscillations  as  explained  in  Chap.  X. 
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.  16.  Physiological  Osoillation  Deteotops. — The  nervous  system 
of  all  animals  is  affected  by  electric  discharges  and  currents.  The 
invention  of  the  Leyden  jar  obtained  notoriety  chiefly  in  consequence 
of  the  **  shocks "  it  could  administer.  In  fact  the  effects  were 
described  by  the  early  observers  vsrith  an  exuberance  of  language 
scarcely  justified  by  our  experiences.  One  experimentahst  on  taking 
the  discharge  of  a  small  Leyden  phial  declared  that  not  for  the  whole 
Kingdom  of  France  would  he  endure  another.  Amongst  other 
vertebrates  the  frog,  that  old  martyr  of  science,  seems  to  exhibit 
considerable  sensibility  when  a  discharge  is  passed  down  his  sciatic 
Hence  from  the  time  of  Galvani  a  frog's  leg  has  been  used 

as  an  indicator  of  electric 
currents.  Accordingly,  Dr. 
Lefeuvre  of  the  University 
of  Bennes,  in  France,  has 
made  use  of  it  as  a  radio- 
telegraphic  receiver.  (See 
Ths  Electrician,  vol.  71,  p. 
93,1913.) 

The  frog'slegis  mounted 
so  that  contraction  of  the 
muscle  moves  a  lever  which 
makes  a  mark  upon  a  re- 
volving drum  covered  with 
blackened  paper.  The  cur- 
rent received  from  an 
antenna  is  passed  through 
the  nerve  (see  Fig.  49),  and 
the  resulting  contraction 
of  the  leg  when  a  radio- 
telegraphic  signal  is  re- 
ceived by  the  antenna 
makes  a  mark  on  the  drum. 
In  this  manner  Professor 
Lefeuvre  has  recorded  sig- 
nals coming  from  the  Eiffel 
Tower  station  in  Paris  re- 
ceived at  Bennes. 

Fig.  50  shows  the  frog 
arranged  as  a  receiver,  and 
Fig.  51  the  dot  and  dash  time  signals  recorded. 

17.  WaYe  Measuping  Instpaments  op  Cymometeps. — In  addi- 
tion to  detecting  the  existence  of  electric  waves  passing  through  space 
by  the  oscillations  which  they  can  create  in  a  linear  conductor  incident 
upon  it,  we  often  desire  to  measure  the  wave  length  of  these  waves, 
either  those  sent  out  from  a  radiator  or  those  received  by  a  detector. 
In  those  cases  in  which  the  radiation  is  taking  place,  from  a  rod  or 
wire  in  which  high  frequency  oscillations  are  set  up,  the  wave  length 
A  of  the  radiation  is  connected  with  the  frequency  n  of  the  oscillations 
in  the  linear  oscillator  by  the  formula  V  =  ?iA,  where  V  =  3  X  10^ 
cms.  per  second  or  is  the  velocity  of  radiation.  Hence  to  determine 
the  wave  length  it  suffices  to  determine  the  frequency  of  the  oscilla- 
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Fig.  49. — Method  of  using  a  Frog's  Leg  Muscle 
for  the  deteotion  of  Electrio  Waves. 
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tioDB  in  the  antenDa.  Suppose  that  the  anteiiDa  is  iDduotively  aeso- 
ciated  with  aoother  closed  circuit,  and  the  radiator  is  a  MarooDi  aerial 
wire.  There  are  eereral  methods  by  which  we  oan  ascertain  the 
frequeocy  of  the  osoiltatioDS  takiog  place  in  this  aerial  wire.  The 
following  iostruments  have  been  invented  for  this  purpose,  and  those 


ffjrjxmjiiim  qfUi  Pnprltlori  o/ •■  Tit  Xltclrician." 

Fio.  SO.— Frog's  Leg  used  aa  a  lUdiotelegtaphio  Receiver. 

deviBed  by  the  author  have  been  called  by  him  cymomeitrt.  One  form 
of  instrument  depends  upon  the  establishment  of  stationary  waves 
Qpon  an  associated  helix. 

We  have  already  explained,  in  Chap.  IV.,  the  conditions  under 
which  stationary  electric  oBcillabiooe  of  potential  and  current  can  be 
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established  upon  an  ineulated  helix  of  wire.  Suppoae  that  we  have  a 
helix  consistiiDg  of  a  long  ebonite  rod,  say  2  ma.  long  and  5  cms,  in 
diameter,  wound  over  uniformly  with  &  long  spiral  of  fine  silk-covered 
copper  wire.  This  wire  may  suitably  be  of  the  size  known  as  No.  32 
9.  W.G.,  and  on  such  an  ebonite  core  it  will  be  possible  then  to  wind 
in  one  layer  of  closely  adjacent  turns  a  helix  of  6000  turns.  Let  such 
a  helix,  K^Kg,  be  supported  on  insulating  stands  {see  Fig.  52)  a 
couple  of  feet  above  a  table  in  contiguity  to  an  antenna.  A,  in  which 
it  is  desired  to  measure  the  frequency.     To  some  point  near  to  the 


Sigaid  at  10.4S— SeriM  of  dashes  ;  one  dot  at  10.45. 


Signal  at  10.47— Dash  and  two  dota ; 


Signal  at  10.49— Dash  ood  four  dots ; 
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base  of  the  aerial  is  attached  a  small  insulated  metal  plate,  which 
acts  as  one  plate  of  a  small  air  condenser,  Cj,  the  other  plate  being 
connected  to  one  end  of  the  above -described  insulated  helix.  On  this 
helix  slides  a  eurved  metal  saddle,  D,  which  is  packed  with  tin- 
foil to  make  it  fit  the  helix  closely,  and  this  saddle  is  connected  by 
a  wire  with  an  earth  plate,  B^.  We  provide  also  a  Neon,  or  other 
vacuum  tube,  V.  Let  us  assume,  then,  that  the  oscillations  are 
excited  in  the  aerial  wire ;  we  can  move  the  saddle  along  the  helix 
until  such  a  position  is  found  that  one  complete  stationary  wave  of 
potential  on  the  heUx  is  ioctuded  between  the  saddle  and  the  end 
attached  to  the  small  air  condenser.  When  this  is  the  case,  if  we 
explore  the  space  round  the  helix  between  these  points  with  a  Neon 
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vacuum  tube,  we  shall  find  that  just  over  the  end  of  the  saddle  the 
Neon  tube  does  not  glow,  also  it  does  not  glow  at  a  point  halfway 
between  the  saddle  and  the  condenser  end,  also  it  does  not  <glow  just 
at  the  end  next  the  condenser.  In  order  that  this  may  be  the  case,  it 
is  necessary  to  shield  the  helix  from  indirect  action  of  the  oscillation 
in  the  aerial  or  the  spark  of  the  transmitter ;  it  is  necessary  to  place  a 
metal  plate  (not  shown  in  the  diagram)  close  to  the  end  of  the  helix 
which  is  in  connection  with  the  aerial.     This  plate  must  be  perforated 
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Fia.  52. — Helix  Cymometer.    (Fleming.)    Ki,  K^,  helix  of  wire ;  D,  sliding 

saddle ;  C^,  coupling  condenser ;  A,  antenna. 

by  a  hole  large  enough  to  allow  the  end  of  the  helix  just  to  pass 
through,  the  air  gap  being  large  enough  to  prevent  sparking  from  the 
end  of  the  helix  to  this  plate.  This  guard  plate  must  also  be  con- 
nected to  the  earth  by  a  wire.  By  moving  the  saddle  about,  it  is  then 
possible  to  find  a  position  in  which  there  is  a  node  of  potential  over 
the  saddle  near  the  earth  plate,  and  also  halfway  between,  whilst  at 
intermediate  positions,  ^  of  the  way  and  J  of  the  way,  there  is  an 
antinode  and  loop  of  potential,  as  indicated  by  a  dotted  line  in  the 
diagram  in  Fig.  52. 

We  have  already  explained,  in  Chap.  IV.,  that  the  velocity  with 
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which  the  potential  wave  moves  along  the  helix  is  inversely  pro- 
portional to  the  square  root  of  the  capacity  and  inductance  per  unit 
of  length  of  the  helix,  and  we  have  shown  how  these  quantities  can 
be  accurately  measured.  Hence  this  velocity  can  be  determined  for 
the  helix  in  use  in  centimetres  per  second.  By  means  of  a  scale,  E, 
we  can  also  measure  the  observed  wave  length  on  the  helix  as  indi- 
cated by  the  distance  of  the  saddle  from  the  earth  plate,  when  the 
potential  distribution  is  as  above  described.  The  quotient  of  this 
velocity  along  the  helix  by  the  observed  wave  length  gives  us  the 
frequency  of  the  stationary  oscillations  on  the  helix.  This  must  also 
be  the  frequency  of  the  oscillations  in  the  aerial  wire.  Hence,  if  v 
stands  for  the  velocity  of  propagation  of  the  oscillations  along  the 
helix,  and  A  for  the  wave  length  on  the  helix,  or  the  length  E^^D, 
then,  if  A  stands  for  the  wave  length  of  the  waves  sent  out  into  space 
from  the  aerial,  we  have  the  following  formula  for  this  wave 
length : — 

,       ,3  X  1010 

A  =  A        — 
V 

In  the  above  formula  v  must  be  measured  in  centimetres  per  second, 
and  A  and  A  in  the  same  lineEu:  units. 

In  this  manner,  given  a  helix  sufficiently  long,  we  can  determine 
the  frequency  of  the  oscillations  in  any  aerial  wire,  and  therefore  the 
^ave  length  of  the  waves  sent  out  into  space  from  it. 

The  author  has  also  devised  a  form  of  direct-reading  portable 
cymometer,  by  which  not  only  can  the  wave  lengths  of  waves  used  in 
wireless  telegraphy  be  immediately  ascertained,  but  also  by  its  aid 
numerous  measurements,  such  as  the  measurement  of  small  capacities, 
inductances,  and  coefficients  of  coupUng  of  oscillation  transformers, 
can  be  made  with  great  ease.i05  This  instrument  is  constructed  as 
follows  :-^ 

It  consists  of  a  condenser  of  variable  capacity  constructed  of  a 
tube  of  brass  covered  with  ebonite,  on  the  outside  of  which  another 
concentric  tube  fits  closely,  but  not  so  tightly  as  to  prevent  easy 
movement.  If  the  tubes  lie  over  one  another,  such  a  double  brass 
tube  with  interposed  tube  of  ebonite  constitutes  a  tubular  con- 
denser, but  if  the  outer  tube  is  more  or  less  sUd  off  the  inner  brass 
tube  the  capacity  is  reduced  almost  proportionately  to  the  displace- 
ment of  the  outer  tube.  Again,  if  we  have  a  wire  wound  in  the  form 
of  a  helix  round  an  ebonite  tube,  the  turns  being  close  together,  but 
not  touching,  and  if  we  have  some  form  of  clip  which  can  be  slid 
along  the  helix  so  as  to  make  use  of  more  or  less  of  the  spiral,  we 
have  a  variable  inductance. 

These  two  appUances  are  combined  together  in  the  cymometer 
in  such  a  way  as  to  form  a  complete  oscillatory  circuit ;  the  inner 
end  of  the  tubular  condenser  (see  Fig.  54)  is  connected  to  one  end  of 
the  helix  of  wire  by  a  copper  bar,  and  the  outer  condenser  tube  O  is 
connected  to  the  helix  by  an  embracing  clip  K,  so  that  as  the  outer 
condenser  tube   is  displaced  from   the   inner  tube  to  reduce  the 

^^*  See  J.  A.  Fleming,  *'  The  Application  of  the  Cymometer  to  the  Determi- 
nation of  the  Coefficient  of  Coupling  of  Oscillation  Transformers,"  PhU,  Mtig., 
1905,  ser.  6,  vol.  9,  p.  758;  also  Proc.  Phya,  Soc,  Lond,,  1905,  vol.  zix.  p.  603. 
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capacity,  the  effective  iDductance  in  the  circuit  due  to  tlie  spiral  Ib 
reduced  in  the  same  proportion.  The  hehx  and  the  tubular  con- 
denser, wlHch  may  he  formed  of  two  or  more  tubes,  are  mounted  on 


a  hoard,  and  by  means  of  a  handle  the  condenser  tube  can  he  moved 
and  the  inductance  and  capacity  simultaneously  altered,  and  in  the 
same  proportion.  The  appearance  of  the  instrument  is  as  shown 
in  Fig.  53,  and  the  scheme  of  connections  as  in  Fig.  54.     If,  then,  we 

2  N 
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place  the  long  copper  bar  BG  connecting  the  helix  and  condenser  near 
bat  not  very  close  to  any  other  circuit  XY  in  which  oscillations  are 
taking  place,  we  can  tune  the  cymometer  circuit  to  the  other  circuit 
by  moving  the  handle  so  as  to  vary  the  inductance  and  capacity  of 
the  cymometer.  We  must  also  have  some  means  of  determining 
when  the  current  in  the  cymometer,  or  the  potential  difference  of  the 
tubes  forming  the  condenser,  is  a  maximum. 

The  author  discovered  that  the  most  convenient  way  of  doing 
this  was  by  the  use  of  a  vacuum  tube  of  the  spectrum  type,  filled 
with  Neon.  Neon  is  a  rare  gas  contained  in  the  atmosphere,  about 
80,000th  part  by  volume,  and  it  is  remarkable  for  its  small  dielectric 
strength  and  for  the  great  brilliancy  of  the  glow  produced  in  it  when 
placed  in  an  alternating  current  field.  If  such  a  Neon  tube  is  con- 
nected to  the  terminals  of  the  tubular  condenser,  then,  when  the 
capacity  and  inductance  are  altered  and  the  oscillation  in  the  cymo- 
meter circuit  thereby  increased  up  to  a  maximum,   it  is  easy  to 
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FiQ.  64. — Connections  of  the  Fleming  Cymometer. 

determine  the  position  when  this  maximum  takes  place  by  the  Neon 
tube  beginning  to  glow,  or  glowing  most  brilliantly.  The  most  recent 
form  of  the  cymometer  is  shown  in  Fig.  55,  in  which  a  screw  motion 
is  provided  for  varying  the  capacity  and  inductance  very  slowly. 

Another  method  of  discovering  when  the  current  is  a  maximum 
in  the  cymometer  circuit  is  by  inserting  in  the  circuit  of  the  copper 
connecting  bar  a  fine  wire  of  high  resistance  about  a  centimetre  in 
length,  having  in  contact  with  it  a  very  sensitive  thermo-junction  of 
bismuth  and  iron.  This  thermo-junction  is  connected  to  a  sensitive 
galvanometer,  preferably  a  Paul  single-pivot,  low-resistance  galvano- 
meter (see  Fig.  56).  If  then  by  the  movement  of  the  handle  of  the 
cymometer  it  is  gradually  tuned  with  any  adjacent  circuit  in  which 
oscillations  are  taking  place,  the  increase  in  the  current  up  to  a 
maximum  will  be  indicated  by  a  gradual  increasing  deflection  of  the 
galvanometer,  and  it  is  quite  easy  to  determine^^  that  adjustment  of 
the  cymometer  in  which  the  current  is  a  maximum. 

The  cymometer  has  a  graduated  scale  with  a  pointer  moving  over 
it,  and  the  instrument  is  caUbrated  by  the  manufacturer  so  as  to 
show  at  a   glance  the    frequency  corresponding  to  any  particular 
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adjuBtment  of  the  tubular  condenaer.  The  author  has  designed  such 
ioatirumeDts  for  reading  frequencies  from  50,000  up  to  5,000,000,  and 
the  appearance  of  the  completo  instrument  is  as  shown  in  Figs.  53 
and  56. 


From  the  above  descriptions  it  is  evident  that  cymometers  or 
wavemeters  may  be  divided  into  the  two  broad  classes  of  epm  and 
flonfd  circuit  inBtruments. 

The  general  principles  which  must  guide  us  io  the  construction 


or  selection  of  a  wavemeter  have  been  well  stated  by  Professor  A. 
Siaby.'o* 

Id  the  first  place,  it  is  obvious  that  the  measuring  instrument 
must  not  disturb  the  natural  frequency  of  the  oscillation  it  is  desired 

'"  Sea  Eiektrolecknische  Heitschrift,  December  10,  1903,  vol.  24.  p.  1007, 
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to  measure.  If  we  wish  to  measure  the  pressure  of  gas  in  a  vessel  or 
the  electrical  potential  difference  between  two  points,  it  is  clear  that 
our  pressure  gauge  or  voltmeter  must  not  alter  the  value  of  the 
quantity  we  desire  to  measure  by  the  very  act  of  connecting  the 
instrument  used  to  take  a  measurement.  If  it  does,  althoi^h  we 
may  obtain  a  readipg,  we  do  not  obtain  the  real  value  of  the  quantity 
we  are  seeking. 

In  the  same  way,  if  we  wish  to  know  the  frequency  of  the  oscil- 
lations in  any  circuit,  then  it  is  clear  that  the  instrument  we  employ 
must  not  alter  the  capacity  or  inductance  of  the  circuit  tested  in  the 
act  of  making  a  measurement.  As  the  capacities  and  inductances 
with  which  we  are  concerned  are  generally  very  small,  it  is  quite  easy 
to  be  misled  on  this  matter.  Hence,  if  we  are  testing  the  frequency 
of  the  oscillations  in  an  aerial  wire,  as  used  in  wireless  telegraphy, 
it  is  of  the  utmost  importance  not  to  disturb  the  small  capacity  of 
the  aerial  by  connecting  to  it  any  object  which  will  sensibly  increase 
it.  Also  we  must  not  increase  its  inductance  by  making  loops  or 
coils  in  it. 

In  all  forms  of  open  circuit  or  helix  cymometer  there  is  a  great 
loss  of  energy  by  radiation.  Hence  these  generally  require  more 
applied  energy  to  work  them  than  do  the  best  forms  of  closed-circuit 
cymometer. 

We  may  also  distinguish  cymometers  by  the  mode  in  which  they 
are  coupled  to  the  circuit,  open  or  closed,  in  which  the  oscillations 
exist,  the  frequency  of  which  we  desire  to  know.  This  coupling  may 
be  electrostatic  or  electromagnetic,  and  involve  either  a  capacity  or  a 
mutual  inductance.  In  either  case  this  coupling  capacity  or  mutual 
inductance  must  be  very  small,  for  the  reasons  already  given.  It  is 
easier  to  render  the  mutual  inductance  small,  and  better,  therefore,  to 
employ  a  closed-circuit  cymometer.  Hence  the  author  has  given 
preference  to  the  closed-circuit  form  in  the  instrument  designed 
by  him. 

Another  form  of  closed-circuit  wavemeter  has  been  designed  by 
J.  Donitz.io?  He  employs  an  arrangement  consisting  of  a  circular 
coil  having  a  definite  inductance,  in  series  with  a  condenser  made  of 
series  of  semicircular  discs,  the  capacity  of  which  can  be  varied  within 
limits  by  the  revolution  of  these  discs  on  an  a.xis,  the  arrangement  of 
the  condenser  plates  somewhat  resembling  that  of  a  Kelvin  multi- 
cellular voltmeter  (see  Figs.  67  and  58).  These  plates  may  be  immersed 
in  insulating  oil.  In  inductive  connection  with  part  of  the  circuit 
is  another  small  circuit,  including  a  fine-wire  platinum  coil  sealed  up 
in  the  bulb  of  an  air-thermometer.  Hence  the  production  of  the 
maximum  current  in  the  inductance  coil  and  condenser  is  estimated 
by  the  reading  of  the  air-thermometer  becoming  a  maximum.  The 
instrument  is  used  as  follows :  If  it  is  desired  to  measure  the  fre- 
quency, and  therefore  the  wave  length,  of  the  oscillations  in  any 
circuit  open  or  closed,  a  loop  is  formed  on  that  circuit,  which  is 
placed  parallel  to  and  at  some  little  distance  from  the  circular  coil 
of  the  wavemeter.      The   oscillations  in   the   first  circuit  are  then 

10'  See  Elektrotechnische  ZeitschrifU  1903,  vol.  24,  pp.  920-925,  No.  5 ;  also 
The  Electrician,  January  1, 1904,  vol.  62,  p.  407 ;  also  German  Patent,  No.  149,350, 
Class  21  G. 
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(Flart.) 
Pis.  ST. — DAnitz  Wavemeter. 


Fio.  68. — Ddnitz  Wavemoter.     {Perspective  v. 
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permittied  to  induce  others  in  the  wavemeter  circuit,  and  the  capacity 
of  this  last  is  altered  by  varying  the  coodeneer  until  the  aii-theroio- 
meter   gives   ita    maximum   reading.     When  this  is   the   case,  it   is 
assumed  that  the  time  period  of  the  two  OBcillatioDa  is  the  same, 
that  of  the  wavemeter  Being,  of  course,  known   from   the  known 
inductance  and  cap&city  of  the 
circuit.     Various   coils  are  pro- 
vided with    the    instrument   to 
give  it  a  suitable  range  of  mea- 
suring power. 

For  portable  and  commercial 
purposes,  the  Marconi  Company 
make  up  a  compact  form  of  wave- 
meter snown  in  Pig.  59.    It  con- 
sists of  a  variable  capacity  con- 
denser made  with  sheet  ebonite 
a.e  a   dielectric,  the   capacity  of 
which  is  changed  by  rotating  a 
handle;  and  in  series  with  this 
condenser  is  a  fixed  Inductance 
in  the  lid  of  the  bos,  consisting 
of  a  square  coil  of  wire.     This 
coil  also  serves  for  coupling  with 
the    circuit     under     test.      Tlge 
detector  is  a  carborundum  crystal, 
6V,  in  series  with  a  telephone,  T,  and  the  two  are  joined  across  the 
terminals  of   the  condenser  G,  as  in  Fig.  60.     The  range   of  the 
instrument  can   be  varied   oyer  wide  limits   by  the  use  of    inter- 
changeable coils,  L,  having  different  inductances. 


B)i  ptrwtitian  aflKe  Wirelai  Prai,  Lid. 


Pig.  60. — Scheme  of  ConnectionB  of  the  Marconi  Company's  WaTemater. 

18.  HeaBarementB  mode  with  the  CymometeF — Freqaenoy 
and  Wave  Length. — The  following  measurements  can  then  be  made 

with  the  cymometer  or  equivalent  forms  of  wavemeter. 

1.  Freqvmcy.-^W.  has  already  been  shown  that  the  frequency  of 
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the  oscillations  in  a  circuit  having  a  capacity  of  G  microfarads  and 
the  inductance  L  microhenrys»  is  given  by  the  formula — 

10« 
n  = 


27rV  Cnaid...  Lmhyi. 

or  if  the  inductance  is  measured  in  ibbsolute  electromagnetic  units  or 
centimetres,  then  the  frequency  is  given  by  the  formula — 

_    5033  Xl0« 

V  Cmfds.  h 


cms. 


If,  then,  we  desire  to  determine  the  frequency  of  the  oscillations  in  an 
antenna  or  other  circuit,  we  place  the  bar  of  the  cymometer  in  con- 
tiguity to  that  circuit,  and  move  the  handle  of  the  cymometer  along 
slowly  until  the  cymometer  circuit  is  in  resonance  with  the  other. 
This  will  be  indicated  by  the  Neon  tube  bursting  into  glow,  or  the 
galvanometer  needle  (if  the  thermoelectric  couple  is  used)  taking 
its  maximum  deflection.  If  the  cymometer  is  direct  reading,  we  can 
then  see  at  once  the  frequency,  or  if  the  instrumental  reading  gives 
us  the  oscillation  constant  (O)  of  the  circuit,  viz.  the  product  of  the 
capacity  of  the  circuit  in  microfarads  (Omfda.)  and  the  inductance  in 
centimetres  (Lcms.),  then  the  frequency  is  obtained  *  from  the 
formula — 

^     5033j<^  10«     ^ 5033  X  10« 

2.  Wave  Length. — In  all  cases  of  wave  motion  there  is  a  relation 
between  the  velocity  of  the  wave,  V,  its  frequency,  n,  and  wave 
length,  A,  expressed  by  the  equation — 

V  =  nA 

The  velocity  of  the  electromagnetic  waves  being  300  million 
metres  per  second,  or  very  nearly  one  thousand  million  feet  per 
second,  it  follows  that  the  wave  length  is  at  once  obtained  by  dividing 
this  last  number  by  the  frequency.  Hence,  if  the  frequency  of  the 
oscillations  in  an  antenna  is  determined,  we  have  the  wave  length  of 
the  emitted  waves.  If,  then,  we  can  determine  the  oscillation  con- 
stant of  the  antenna,  or  of  the  circuit  which  is  radiating,  we  have  at 
once  the  following  rules : —  ' 

Wave  length  in  feet  =  195*56  X  oscillation  constant. 

Wave  length  in  metres  =  59'6  X  oscillation  constant. 

!BVequency  in  millionths  of  a  second  is  5*033  -4-  oscillation 
constant. 

In  order  to  determine  the  wave  length,  therefore,  all  that  is 
necessary  is  to  place  the  bar  of  the  cymometer  parallel,  but  not 
very  near  to  a  portion  of  the  lower  part  of  the  antenna.  For  this 
purpose,  a  yard  or  two  of  the  antenna  may  be  laid  in  a  horizontal 
position,  if  necessary.  On  exciting  the  oscillations  in  the  antenna 
and  moving  the  handle  of  the  cymometer,  we  shall  find  a  position 
in  which  the  Neon  tube  glows  most  brilUantly  if  the  cymometer  has 
a  suitable  range.     In  the  case  of  inductively  coupled  antennsB,  it  will 
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generally  be  foimd  that  there  are  two  wave  lengths  being  emitted, 
and  therefore  two  positions  in  which  the  Neon  tnbe  has  a  maximum 
glow.  In  so  using  the  cymometer,  it  is  desirable  to  put  the  bar  as 
far  as  possible  from  the  antenna  after  having  roughly  discovered  the 
approximate  wave  length,  and  then  to  take  a  fresh  reading,  so  adjust- 
ing the  distance  of  the  cymometer  bar  from  the  antenna,  that  the 
Neon  tube  only  just  glows  on  passing  through  to  a  position  of  reson- 
ance. With  a  little  care  it  is  possible  to  determine  the  wave  lengths 
of  the  order  of  1000  or  1500 
feet  within  10  feet. 

Four  types  of  cymo- 
meters are  now  made,  one 
suitable  for  measuring  from 
about  30  metres  to  1000 
metres,  another  up  to  1500 
metres,  a  third  up  to  2000 
metres,  and  a  fourth  up  to 
3000  metres,  the  lowest 
possible  reading  being  gene- 
rally about  one-twelfth  part 
of  the  highest  possible  read- 
ing for  any  one  instrument, 
but  with  special  cases 
greater  ranges  can  be  ob- 
tained. Hence  a  suitable 
cymometer  must  be  em- 
ployed for  the  particular 
measurements  being  made, 
the  oscillation  constants  of 
the  above  four  types  rang- 
ing from  about  1  to  12,  2 
to  25,  3  to  37,  and  4  to  50. 
For  measurements  in  which 
greater  accuracy  of  reading 
is  required,  it  is  better  to 
employ,  instead  of  the  Neon 
tube,  the  thermoelectric  de- 
tector, which  is  placed  in 
the  circuitof  the  cymometer. 
PiQ-  61.  The   circuit  of    the  cymo- 

meter is  cut  in  two  places, 
or  tbe  simple  double  copper  bend  with  which  it  is  usually  provided 
for  completing  the  circuit  can  be  replaced  by  a  special  double  bend 
(see  Fig.  61)  containing  two  cuts  in  it,  in  one  of  which  is  inserted  a 
tine  resistance  wire,  and  in  tbe  other  a  fine  resistance  wire  hai-ing  a 
thermoelectric  junction  in  contact  with  it.  These  resistances  and 
thermoelectric  junction  are  contained  in  two  ebonite  bodies  attached 
to  the  special  bend,  and  a  length  of  flexible  connecting  wire  is  pro- 
vided, by  wbich  the  thermoelectric  junction  is  connected  to  a  special 
low-resistance,  single-pivot  sensitive  galvanometer,  that  usually 
employed  being  made  by  Paul,  There  are  short-circuiting  straps  for 
cutting  out  the  thermoelectric  junction  resistance,  or  the  plain  resist- 
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ance.  If  we  insert  in  the  circuit  only  the  resistance  with  the  thermo- 
junction,  and  then  employ  the  cymometer  as  above  described,  in 
proximity  to  any  circuit  in  which  oscillations  are  taking  place,  we 
shall  find  that  as  the  handle  is  moved,  tuning  the  cymometer  more 
and  more  in  circuit  with  the  circuit  under  test,  the  ammeter  exhibits 
a  gradually  increasing  deflection,  and  at  a  certain  position  of  the 
cymometer  a  maximum  deflection  is  reached.  In  this  position, 
therefore,  the  cymometer  circuit  is  traversed  by  the  maximum  current, 
and,  therefore,  is  in  resonance  with  the  circuit  under  test. 

19.  HeasuFement  of  Small  Capacities  and  Induotanoes  by 
the  CymometeF. — The  cymometer  may  be  employed  for  the  measure- 
ment of  small  capacities  and  inductances  in  the  following  manner : — 

Each  instrument  is,  or  can  be,  suppUed  with  a  standard  induct- 
ance consisting  of  one  or  more  turns  of  insulated  wire  arranged* 
round  a  rectangular  frame.  These  inductances  vary  from  about 
4000  cms.,  or  four  microhenrys,  up  to  75,000  cms.,  or  75  micro- 
henrys,  depending  on  the  pattern  of  cymometer  in  use.  If,  then, 
a  certain  small  capacity,  say,  that  of  a  Leyden  jar,  has  to  be  deter- 


Fia.  62. 


mined,  it  is  done  in  the  following  manner.  The  jar  is  placed  upon 
a  sheet  of  ebonite,  and  one  coating  is  connected  to  one  secondary 
.spark  ball  of  an  induction  coil,  the  other  coating  or  terminal  of  the 
condenser  being  connected  to  one  end  of  the  above-mentioned 
standard  inductance,  whilst  a  second  end  of  the  standard  inductance 
is  connected  to  the  other  secondary  spark  ball  (see  Fig.  62).  The 
spark  gap,  condenser,  and  inductance  are  all  connected  in  series. 
The  cymometer  is  then  placed  with  its  copper  bar  parallel,  not  very 
near  to  one  side  of  the  standard  inductance.  On  working  the  coil, 
oscillations  are  set  up  in  the  circuit  of  the  jar  and  inductance,  and 
the  handle  of  the  cymometer  is  moved  until  the  Neon  tube  glows 
most  brightly.  The  scale  reading  of  the  cymometer  then  shows  the 
oscillation  constant  of  the  cymometer  in  that  position,  that  is  to  say, 
the  value  of  the  square  root  of  the  product  of  its  capacity  in  micro- 
farads, and  its  inductance  in  centimetres  in  its  then  position.  The 
value  of  this  quantity  is  called  the  oscillation  constant,  and  is  marked 
on  the  scale.  It  then  follows  that  the  oscillation  constant  for  the 
circuit  containing  the  unknown  capacity  must  be  the  same.  Hence, 
if  we  square  the  value  of  the  oscillation  constant  and  divide  by  the 
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value  of  the  standard  inductance  in  centimetres,  we  have  the  value 
of  the  unknown  capacity  in  microfarads.  Thus,  for  example,  suppose 
that  the  standard  inductance  is  5000  cms.,  and  that  the  maximum 
glow  in  the  Neon  tuhe  occurs  when  the  cymometer  pointer  indicates 
an  oscillation  constant  10  on  the  scale,  then  the  square  of  10 
heing  100,  and  the  quotient  of  100  -^-  5000  being  ^,  we  know  that 
the  capacity  of  the  condenser  in  question  must  be  ^  of  a  microfarad. 
The  rme  therefore  is  as  follows :  Square  the  oscillation  constant  and 
divide  by  the  value  of  the  standard  inductance  in  centimetres,  and 
the  resulting  quotient  is  the  capacity  of  the  jar  or  condenser  in 
fractions  of  a  microfarad. 

In  the  same  way  the  cymometer  can  be  used  with  a  standard 
condenser  to  determine  the  value  of  an  unknown  inductance,  for  if 
we  determine  as  above  described  the  capacity  of  a  condenser  by  the 
aid  of  the  cymometer,  then  join  up  this  capacity  with  the  imknown 
inductance  and  the  spark  gap,  to  form  an  oscillation  circuit,  putting 
in,  if  necessary,  a  yard  of  straight  wire  to  lie  parallel  with  the  bar  of 
the  cymometer,  and  if  we  then  determine  the  oscillation  constant  of 
this  circuit,  and  find  it  to  be  O,  then  the  inductance  in  the  circuit 

02 
must  be  equal  to  -p^,  where  G  is  the  capacity  of  the  condenser  in 

\j 

microfarads,  and  this  quotient  gives  the  inductance  in  centimetres. 

In  those  cases  where  a  small  inductance  is  measured,  it  can  be 

determined  as  the  difference  between  two  inductances,  viz.  by  joining 

up  with  the  condenser  of  known  capacity  a  standard  inductance  of 

known  value,  determining  the  oscillation  constant  as  above,  and  then 

increasing  the  inductance  of  that  oscillation  circuit  by  adding  in  the 

small  unknown  inductance,  and  making  a  redetermination  of  the 

oscillation   constant.     Supposing,  for  instance,  that  the  oscillation 

constant  in  the  first  instance  is  O^,  and  in  the  second  O21  and  that 

the  standard  inductance  was,  say,  5000  cms.,  and  the  value  of  the 

unknown  and   small  inductance   L,  then    we   have  the   following 

equations : — 


21 
c 

c 


=  6000 


=  5000  + L 


r  Ol-0\ 

L  =  --C- 

from  which  we  can  at  once  determine  the  value  of  L. 

A  large  variety  of  such  tests  can  be  made  with  a  cymometer, 
provided  it  is  remembered  that  the  oscillation  constant  marked  on 
the  scale  of  the  cymometer  is  the  square  root  of  the  product  of  its 
capacity  reckoned  in  microfarads  and  its  inductance  in  centimetres, 
corresponding  to  the  position  in  which  the  handle  of  the  cymometer 
is  then  placed. 

The  calculated  value  of  the  inductance  L  of  a  rectangular-shaped 
circuit  made  of  round-sectioned  copper  wire  may  be  obtained  by  the 
formula  already  given. los 

^«8  See  Chap.  H.  p.  166. 
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The  expression  for  L  is  as  follows  : — 
L  =  4^(S  +  S')log.  ~  -  S  log,  (S  +  VS2  +  S'2) 

— S'  log,  (8'  +  \/S2  +  S'2)  +  2 VS2  +  S'2  —  2(8  +  S')|    (1) 

where  S  and  8'  are  the  lengths  of  the  two  sides  of  the  rectangle,  and 
d  is  the  diameter  of  the  round  copper  wire  of  which  it  is  made. 

The  above  formula  is  a  strictly  accurate  one  for  infinite  frequency, 
and  can  easily  be  applied  to  any  case  of  a  real  rectangular  circuit. 
The  logarithms  are,  of  course,  Napierian. 

We  can  therefore  construct  a  rectangular  circuit  of  wire  attached 
to  the  lid  of  the  box  of  the  cymometer,  which  has  a  known  pre- 
determined inductance  of,  say,  5000  cms.  Strictly  speaking,  there 
is  a  small  correction  for  the  tails  of  parallel  wire  which  connect 
the  rectangle  to  the  jar  at  one  end  and  to  the  coil  at  the  other.  If 
considered,  necessary,  this  may  be  taken  into  account  by  employing  a 
reduced  case  of  the  above  formula  for  the  inductance  of  the  rectangle. 

If  there  be  a  pair  of  circular-sectioned  wires  of  diameter  d"  placed 
at  a  distance  D  apart,  the  inductance  for  a  length  I  of  the  parallel 
wires  is  given  by  the  formula 

?) (») 


/  =  4?(log. 


Hence,  if  the  length  of  the  tails  of  wire  at  each  end  of  the  rectangle 
is  the  same,  and  equal  to  Z,*  the  inductance  of  the  whole  circuit  is 
equal  to  L^  -f-  2L'»  where  L^  and  U  have  the  values  given  by  the 
formulas  above. 

We  can  always  check  the  result  by  using  as  a  loop  some  form  of 
circuit  of  which  the  inductance  can  be  calculated. 

Thus,  if  we  bend  a  bare  round-sectioned  copper  wire  into  a  square, 
with  the  end,s  brought  quite  near  together,  we  can  predetermine  its 
inductance. 

We  have  here  a  reduced  case  of  the  general  formula  for  a  rect- 
angular circuit.  In  expression  above  put  S  =  S',  and  put  4S  =  /, 
then  the  formula  reduces  to — 


L  =  2/(log^^- 2-853) (3) 


Strictly  speaking,  we  should  add  to  the  value  of  the  expressions  (1) 

and  (3)  for  the  inductance  of  a  rectangle  and  a  square  a  term  equal 

»' 
to  ^-  -  ,  where  Bf  is  the  high  frequency  resistance  corresponding  to  a 

frequency  n.     The  formulae   (1)  and  (3),  as  they  stand,  give  the 

inductance  for  infinite  frequency.    The  value  of  ^  —  is,  however, 

generally  negligible  compared  with  the  other  term,  and  the  expres- 
sions given  may  be  taken  to  be  the  inductances  for  any  frequency  of 
the  order  of  lO*. 

In  the  next  place,  we  may  employ  the  same  instrument  to  deter- 
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mine  the  coefficient  of  coupling  of  the  circuits  of  an  air  core  trans- 
former, such  as  an  oscillation  transformer  used  in  wireless  telegraphy. 
Suppose  the  inductance  of  the  primary  circuit  to  be  denoted  by  L, 
that  of  the  secondary  by  N,  and  the  mutual  inductance  by  M.     Then 

M 
— ,  -  --   is  called  the  coefficient  of  coupling,  and  is  a  quantity  of  import- 
ance in  the  theory  of  high  frequency  transformers. 

We  may  join  the  two  circuits  of  the  oscillation  transformer 
into  one  circuit,  so  that  they  assist  or  Qppose  each  other  in  creat- 
ing co-linked  flux.  In  one  case  the  effective  inductance  is  equal  to 
L  +  2M  -|-  N,  and  in  the  other  case  it  is  L  —  2M  +  N- 

Hence  if  we  treat  the  oscillation  transformer,  so  joined  up  in  the 
two  ways,  and  measure  as  above  its  effective  inductances,  and  call 
them  Lj  and  L2,  we  have — 

Li  =  L  4-  2M  +  N 
Lj  =  L  -  2M  4-  N 

Hence    M  =  —^—. — * 

4 

and    L  +  N=^'  +  ^' 

We  can  then  determine  directly  and  independently  the  larger  of  the 

two  inductances  L  or  N,  and  hence  we  can  calculate  the  value  of 

M 
—y^^vi  or  the  coefficient  of  coupling  of  the  circuits.     As  an  instance 

VLN 

of  such  a  determination,  we  may  give  the  measurements  made  with  a 
form  of  oscillation  transformer  used  in  wirelesb  telegraphy.  The 
primary  circuit  consisted  of  one  single  turn  composed  of  eight  turns 
of  7/22  insulated  copper  wire  in  parallel  wound  round  a  square 
wooden  frame.  The  secondary  circuit  consisted  of  nine  turns  of  the 
same  standard  wire  wound  over  the  primary  circuit.  The  resultant 
inductances  were  measured  by  the  cymometer  v^th  the  circuits  joined 
up  to  add  and  oppose  each  other. 

The  measured  values  were  as  follows  : — 

Li  =  L  +  2M  +  N  =  62,576  cms. 

Lp  =  L  —  2M  4-  N  =  49,621 

N  =  55,445 

whence  we  have    M  =  3239       „ 

and    L  +  N  =  56,098 

therefore     L  =  653 

and     N  =  55,445     „ 

M 
therefore     —7--     =  0*54         „ 

Vln 

The  coupling  would  therefore  be  called  **  close,"  as  it  is  usual  to  call 
the  coupling  "  close  "  or  "  tight "  when  the  coefficient  exceeds  01, 
and  **  loose  "  when  it  is  smaller.     The  theory  of  the  above-described 


f» 


ff 


»» 
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iDsfcrument  is  involved  in  that  of  oscillation  transformers  generally, 

which  has  already  been  discussed.ioo- 

If  there  be  two  circuits   each   having  inductance  and  capacity 

adjusted   so   that  when  separate  and  far  apart  each  has  the  same 

oscillation  constant  and  the  same  natural  frequency  no,  then  when 

these  circuits  are  coupled  together  inductively  with  a  coefficient  of 

M 
coupling  k  =  -^-^— ,  where  M  is  the  mutual  inductance  and  L^  and 

L2  the  inductances  of  each  circuit  separately,  it  has  been  shown  that 
we  have  created  in  the  secondary  circuit  not  one  but  two  oscillations 
of  different  frequencies,  Wj  and  n^^  such  that — 

1 
'^i  =  ^ -,T- 


1        r \r) 

The  condition  that  n^  and  712  should  be  equal,  and  equal  to  n^  is  that 
A;  =  0.  If  the  coefficient  of  coupling  is  not  small,  that  is,  if  the  mutual 
inductance  of  the  two  circuits  is  not  small,  we  cannot  employ  a  reso- 
nant or  adjustable  secondary  circuit  to  ascertain  the  natural  frequency 
of  the  oscillations  in  a  primary  circuit  when  the  secondary  circuit  is 
not  present.  If  the  adjustable  secondary  circuit  is  the  circuit  as 
described  of  a  cymometer,  then  in  order  that  its  indications  may  be 
correct  there  must  be  a  very  small  mutual  inductance  between  the 
cymometer  circuit  and  the  circuit  we  are  testing. 

It  is  evident,  therefore,  that  if  a  circuit  has  in  it  oscillations  of  a 
certain  frequency  ;?oi  and  we  couple  it  inductively  with  another  circuit 
which  can  be  adjusted  to  have  the  same  oscillation  constant  VCL,  in 
order  that  oscillations  of  only  one  single  frequency  equal  to  n^  should 
be  induced  in  this  adjustable  circuit,  it  is  essential  that  the  coefficient 
of  coupling  k  of  the  two  circuits  should  be  very  small.  Otherwise 
two  oscillations  of  different  frequency  are  excited,  the  frequency  of 
one  being  greater  and  that  of  the  other  less  than  that  of  the  free 
independent  original  frequency  no  it  is  desired  to  determine. 

In  the  form  of  cymometer  here  described,  this  necessary  condition 
is  fulfilled  by  making  the  mutual  inductance  between  the  cymometer 
and  the  circuit  being  tested  very  small.  We  have  then  to  employ  a 
sensitive  detector  for  the  condition  of  resonance,  viz.  a  Neon  vacuum 
tube.  One  characteristic  of  the  author's  form  of  cymometer  is  that 
only  a  small  portion  of  the  whole  inductance  of  the  cymometer  takes 
part  in  creating  mutual  inductance.  Another  is  that  one  single  move- 
ment of  a  handle  varies  simultaneously  and  in  the  same  proportion 
both  the  capacity  and  inductance  of  the  instrument.  In  using  a 
cymometer  for  measuring  the  frequency  of  the  oscillations  in  any 
circuit,  we  have  to  be  on  our  guard  against  disturbing  the  very  quantity 
we  wish  to  measure,  or  setting  up  in  the  cymometer  circuit  some 
oscillation  of  a  different  frequency.  It  is  an  obvious  deduction  from 
the  above  investigation,  that  in  using  the  cymometer  we  should  place 
the  bar  of  the  cymometer  as  far  away  as  possible  from  the  circuits 

"•  See  Chap.  III.  p.  398,  §  11. 
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being  tested.  We  can  make  nse  of  the  cymometer  itself  to  demon- 
strate the  fact  that  in  the  close"  coupling  of  isochronous  circuits  we 
have  oscillations  of  two  periodicities  set  up.  Thus  suppose  we  have 
two  circuits  of  the  same  time-period  when  separated  and  we  couple 
them  together  inductively.  Then,  if  we  investigate  with  the  cymo- 
meter the  oscillations  set  up  in  the  secondary  circuit,  we  find  it  to  be 
a  complex  oscillation  resolvable  into  components  of  different  periods. 
The  cymometer  therefore  acts  just  like  an  electrical  spectroscope. 
It  resolves  the  complex  vibrations  in  a  circuit  into  their  simple 
components  and  show  us  what  they  are.  This  effect  is  very  marked 
in  the  case  of  inductively  coupled  aerials  in  wireless  telegraphy. 
If  we  have  a  nearly  closed  condenser  circuit  with  spark  gap  in  which 
oscillations  are  set  up,  which  is  inductively  coupled  to  an  aerial  or 
antenna,  then,  even  if  the  two  circuits  are,  in  common  language, 
''  tuned  "  to  each  other,  so  that  they  have  the  same  independent  time 
period,  yet  when  coupled,  if  coupled  at  all  tightly,  there  are  two 
oscillations  set  up  in  the  aerial  of  different  frequencies,  and  two  waves 
radiated  of  different  wave  length,  which  may  differ  in  length  by 
15  or  20  per  cent. 

20.  The  Measurement  of  the  LogaFithmio  Deopement  of 
Oscillations  by  the  Cymometer. — The  cymometer,  or  other  direct 
reading  wavemeter,  affords  also  a  ready  means  of  obtaining  the 
decrement  of  the  oscillations  in  any  circuit. 

For  this  purpose  it  is  employed  to  delineate  a  resonance  curve, 
and  from  this  curve  the  sum  of  the  decrements  of  the  cymometer 
and  of  the  circuit  under  test  can  be  obtained  as  explained  in  Chap. 
III.  §  14.  For  this  purpose  we  must  provide  the  cymometer  circuit 
with  a  hot-wire  ammeter  to  read  the  mean-square  value  of  the 
oscillations  set  up  in  its  circuit.  In  the  author's  cymometer  the 
current  in  the  oscillatory  circuit  of  the  instrument  is  measured  by 
inserting  in  it  a  short  length  of  very  fine  wire  against  whicb  is 
soldered  a  thermojunction  consisting  of  a  fine  bismuth  and  fine  iron 
wire.  The  high  resistance  wire  consists  of  a  length  of  about  3-5 
cms.  of  constantan  wire  0*05  mm.  in  diameter,  having  a  resistance 
of  about  6  or  7  ohms.  If  oscillations  are  passed  through  the  con- 
stantan wire  it  is  heated,  and  an  E.M.F.  is  created  in  the  thermo- 
junction. This  last  is  connected  to  a  low-resistance  single  pivot 
Paul  galvanometer  as  already  described,  so  that  this  instrument  is 
deflected  by  an  amount  depending  on  the  mean-square  value  of  the 
oscillations  heating  the  thermojunction.  If  we  pass  through  the  fine 
wire  various  measured  continuous  currents,  and  note  the  steady 
deflection  of  the  galvanometer,  we  know  that  any  oscillations,  damped 
or  undamped,  which  subsequently  produce  the  same  deflection  of  the 
galvanometer,  must  be  producing  heat  at  the  same  rate,  and  therefore 
must  have  the  same  mean-square  value  as  the  direct  current.  Id 
addition  to  this  thermojunction  wire,  which  serves  the  purpose  of  a 
hot-wire  ammeter  for  small  currents,  we  provide  also  another  similar 
wire,  but  without  a  thermojunction,  which  can  be  inserted  in  the 
cymometer  circuit  at  pleasure. 

Let  us  suppose,  then,  that  it  is  desired  to  examine  the  oscillations 
in  any  condenser  circuit  traversed  by  damped  oseillations.  A  part  of 
this  last  circuit  must  be  brought  near  to  a  part  of   the  testing  or 
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cymometer  circuit  so  that  it  acts  inductively  on  it  but  feebly.  The 
cymometer  circuit  must  then  have  its  capacity  and  inductance,  or 
both,  varied  slowly  and  at  each  setting ;  the  natural  frequency,  n,  of 
its  circuit  must  be  known,  and  also  the  root-mean-square  value,  a, 
of  the  current  induced  in  its  circuit.  If  there  is  only  one  single 
oscillation  in  the  circuit  under  test  having  a  frequency ^  N,  then  when 
the  cymometer  circuit  is  set  to  have  this  frequency  the  current  in  it 
will  have  a  maximum  value,  A.  If  we  insert  in  the  cymometer  circuit 
the  known  small  resistance,  B,  then  this  will  increase  its  damping 
by  a  known  amount  and  the  maximum  current  will  be  reduced  to  A'. 
If  we  call  8i  the  decrement  of  the  primary  circuit,  82  that  of  the 
cymometer,  and  82'  ^^^^  ^^^  ^  ^^^  added  resistance,  B,  then  we 
have — 

R 

*2'  =  4NI^ (^^ 

where  N  and  L2  are  the  natural  frequency  and  inductance  of  the 
cymometer  corresponding  to  the  position  of  resonance.  Then  by 
the  formulas  already  given  (see  Chap.  III.  §  14)  we  have — 


8i  +  82  =  ^(i-|)\/a2!!«2    .    •         .     (6) 


The  observations  are  plotted  as  follows : — 

Having  observed  the  values  of  a  and  n  over  a  sufficient  range, 

M  ft 

we  plot  a  curve  having  abscissas  zj-r  and  ordinates  t^,  and  the  result  is 

a  resonance  curve  for  the  case  in  question,  as  shown  in  fHg.  63. 

Since  the  frequency  is  connected  with  the  oscillation  constant 

by  the  formula  n  = >r ,  we  can  also  write  the  above  formula 

of  Drude  and  Bjerknes  in  the  following  form : — 

8,  +  8,  =  3U16^«-^V^     ...    (7) 

In  plotting  out  the  resonance  curve  as  above  described,  it  is  best  to 
take  the  mean-square  value  of  the  maximum  current  as  unity,  and  to 
correct  the  other  currents  in  the  corresponding  ratio ;  and  the  same 
way  for  the  frequencies,  viz.  the  resonance  frequency  and  any  other 

frequency.    If,  then,  we  put  a;  for  ( 1  —  r^  j  and  y  for  - ,  we  can  write 

the  above  formula  for  the  sum  of  the  decrements  finally  in  the 
form — 

81  +  82  =  3-14162:^  /     ^ (8) 

VI  — y2 

Since  the  resonance  curve  is  not  quite  symmetrical  with  respect  to  its 
maximum  ordinate,  it  is  best  to  determine  from  the  resonance  curve 
the  values  of  the  frequency  n  lying  on  either  side  of  the  maximum 
current,  which   correspond  to  any  given  value  of  the  cymometer 
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current,  and  to  take  the  mean  of  these  values  as  the  value  to  be  put 

into  the  above  formula. 

It  will  be  seen,  then,  that  from  such  a  resonaoce  curve  we  can 

determine  the  sum  of  the  decrements  of  the  circuits  under  test,  and 

that  of  the  cymometer.     This  last  has,  however,  been  increased  by 

the  resistance  of  the  fine  wire  inserted  in  its  circuit,  by  means  of 

which  we  determine  the  sum  of  the  decrements.     We  have  therefore 

to  eliminate  the  latter  quantity  as  follows :  Suppose  we  insert  in  the 

cymometer  circuit  the  small  resistance,  E,  and  that  we  again  take  a 

resonance  curve.  The  decrement  of  the  cymometer  has  been  increased 

R 
from  §2  to  §2  +  82  where  82'  =  t — f-,  Lg  being  the  inductance  of  the 

cymometer  circuit  corresponding  to  the  resonance  frequency  n^.  Now 
it  has  been  shown  in  Chap.  III.  §  14,  equation  166,  that  the  mean- 
square  value  of  the  resonance  current  is  inversely  as  the  quantity 
8182(81  +  82).  It  follows  therefore  that  if  82  is  changed  to  82  +  82',  and 
A*  to  A'2,  we  must  have  the  following  relation,  viz. — 

A282(8i  +  82)  =  A'2(82  +  82')(8i  +  82  +  82')    ...     (9) 

or  if  we  put  X  for  8^  -|-  82  and  X'  for  81  +  82  +  82',  we  may  write  it  in 
the  form — 

80  = ^ 


T7Z     Z (10) 


(j^r^-x' 


A 
But  X  =  81  +  82 

therefore  8^  =  X  — 


(a^)^  -  ^' 


where  X  =  31416  ;r    .  ^- - (11) 

Vl  —  y2  ^     ' 

To  determine  8^  we  have  therefore  to  take  two  resonance  curves, 
one  as  above  described,  and  another  in  which  ^he  circuit  of  the 
cymometer  has  its  decrement  increased  by  a  known  amount,  by 
the  insertion  of  a  second  fine  wire  resistance  in  the  gap  provided 
for  it. 

The  details  of  the  measurements  will  perhaps  best  be  understood 
by  going  through  the  calculations  in  a  particular  case. 

A  certain  oscillation  circuit  was  set  up,  and  by  means  of  the 
cymometer  a  pair  of  resonance  curves  drawn,  one  without  and  one 
with  an  added  small  resistance  in  the  cymometer  circuit.  These 
curves  were  as  shown  in  Fig.  63.  From  these  curves  measurements 
were  made  giving  the  R.M.S.  values  of  the  currents,  a.  A,  a*.  A',  and 

at  the  same  time  of  the  quantities  x  =  l  —    ^  and  t/  =  ~.     A  number 

Ui  A 

of  values  of  y  were  taken  off  the  curve  corresponding  to  various  values 

of  X  not  exceeding  0*05,  and  tabulated  as  under,  and  the  value  of 

81  +  82  calculated  by  the  formula  above  given. 
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a 
A=»- 

1 

X  =  2j  +  <^ 

0-96 

0*0120             1 

0-116 

0-90 

0  0166 

0112 

0-85 

0-02:6             ! 

0104 

0-80 

0-0256 

0107 

0-75 

00298 

0105 

0-70 

00886 

1 

0103 

The  mean  value  of  X  is  then  0*108. 


Fio.  68. — A  Resonance  Curve. 

In  the  same  manner,  after  increasing  the  resistance  of  the  cymo- 
meter circuit,  a  second  set  of  values  was  obtained  as  follows  : — 


a' 
0-95 

('-:-;)=- 

X'  =  «i  +  «^  +  «^'. 

00126 

0-120 

0-90 

0-0210 

0138 

0-86 

()-0255 

0-130 

0*80 

0-0300 

0-125 

0-76 

0-0346 

0124 

0*70 

0*0385 

0-119 

Hence  the  mean  value  of  X'  is  0*126. 


2  o 
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Accordingly  we  have  from  the  curves  and  formnlse  above  given 

2-34 


(ih 


Sj  +  82  =  0108 

81  +  82  +  82'  =  0126 

Hence  82'  =  0-018 

82  =  00178 
81  =  0090 

The  decrement  of  the  primary  circuit  is,  therefore,  about  6  times 
that  of  the  cymometer  circuit.  In  this  case  the  oscillation  circuit 
being  tested  comprised  a  condenser  or  Leyden  jar  and  an  induc- 
tance of  5000  cms.  and  a  spark  gap  of  2  or  3  mm.  in  length.  The 
high  frequency  resistance  of  the  inductance  was  calculated  from  the 
dimensions  of  the  wire  and  found  to  be  0*23  ohm.  As  this  circuit 
was  a  nearly  closed  circuit,  the  decrement  was  all  due  to  resistance, 
partly  of  the  metallic  wire  B  and  partly  of  the  spark  r,  and  this  can 
be  shown  to  be  equal  to  4niL8i,  where  L  is  the  inductance  of  the 
circuit,  and  71^  the  frequency  corresponding  to  resonance.  Hence,  if 
B  and  r  are  measured  in  ohms  and  L  in  centimetres,  we  have 

^  100 

But  B  =  0-23,  L  =  5000,  8^  =  0090,  and  n^  =  0-95  x  10«.     Hence 
r  =  1-23  ohms. 

Also  from  the  formula  m= ^ — —   we  can  show  that  each 

train   of  oscillations   comprised   about   52   semi-oscillations,   or  26 
periods. 

Accordingly,  the  measurement  of  the  decrement  gives  us  all 
information  about  the  nature  of  the  oscillations  taking  place  and 
the  resistance  of  the  spark. 

If  we  had  been  testing  the  decrement  of  a  radiotelegraphie 
antenna,  we  should  probably  have  found  a  much  larger  decrement 
than  0'090,  because  then  there  would  have  been  radiation  to  increase 
the  damping,  and  therefore  the  decrement. 

It  will  be  seen,  therefore,  that  by  the  use  of  the.  cymometer  and 
the  necessary  adjuncts  to  it,  we  are  enabled  to  obtain  all  the  required 
information  concerning  the  oscillations  in  the  antenna  of  a  radio- 
telegraphic  transmitter  employing  the  spark  method  of  producing 
damped  oscillations.  When  operating  as  above  upon  an  antenna 
which  is  inductively  coupled  to  the  condenser  circuit,  the  resonance 
curves  will  be  found  to  be  curves  with  double  humps,  as  in  Pig.  33, 
Chap.  III. ;  and  if  these  humps  are  not  too  close  to  one  another,  we 
may  apply  the  above  process  to  each  hump  separately,  and  obtain 
the  decrement  of  each  of  the  two  co-existing  oscillations  in  the 
antenna. 

In  making  these  measurements,  the  cymometer  must  of  course 
stand  on  a   table,   and  a   certain  length  of  the  antenna   must  be 
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bent  round  so  as  to  be  parallel  with,  but  not  too  near,  the  bar  of  the 
oymometer.  It  will  also  be  found  necessary  that  the  outer  tube 
of  the  condenser  should  be  connected  to  the  earth  by  means  of  a 
terminal  provided  for  that  purpose. 

We  can  make  use  of  the  measurements  of  decrement  also  to 
determine  the  high  frequency  resistance  of  any  circuit.  Thus,  for 
instance,  in  the  case  of  a  particular  primary  circuit  having  an  in- 
ductance of  5012  cms.,  and  a  capacity  of  0*002645  mfd.,  and  a  spark 
gap  of  1  mm.,  the  resistance,  B,  added  to  the  cymometer  was  7-1 
ohms,  and  the  inductance  L  of  the  cymometer  in  that  setting  of  the 
instrument  corresponding  to  resonance  was  L=s  55000  cms.,  and 
whilst  the  corresponding  frequency  =  N  was  1-25  X  10^. 


Hence         S\ 


B 


71  X  10» 


4NL  ■"  4  X  1-25  X  10«  X  55000  "" 


Also  it  was  found  that  the  resonance  current  A  was  0-1195  amp.  and 
that  when  the  resistance  of  7*1  ohms  was  inserted  the  resonance 
current  A^  was  0*0635  amp. 

The  observed  corresponding  values  of    ^  *^^  >t  yfQte  then  as 

recorded  in  the  following  Table : — 


Obbsbvations  fob  thb  Dkunbation  of  a  Besonaivce  Cubve. 


Cjinometor  current  as 

GalouUted  value  of 

Measured  value  of 

Calculated  value  of 

paroentage  of  mazimam 

-/l/     *' 

2i  +  3*. 

current  =s  lOO  -r 

V   A«-a- 

1  •     s 

95 
90 
85 
.  80 
75 
70 

1 — 

9-58 
6-47 
609 
4*18 
8-58 
808 

00067 
00098 
00126 
0*0152 
00177 
0*0205 

OOOOOO 

The  mean  value  of  8|  +  9t  =  0-0687 


Hence  from  the  other  observed  quantities  we   have,  by  equa- 
tion (9)— 

A2  X  00637  X  82  =  Ai2  X  (00637  +  00258)  X  (82  +  0-0258) 

Therefore,  inserting  the  above  given  values  of  A  and  A^,  we  have 

8j  r=  0017,  and  therefore  Sj  =  00467. 

The  high  frequency  resistance  R^  of  the  primary  circuit  must  there- 

Ri 
fore  be  such  that  81=  rtff-,  where  N  =  1-25  x  10«  and  Li=5012  cms. 

Hence — 

Rj  ==  4  X  1-25  X  10»  X  5012  X  0*0467  X  10-»  ohms,  or  117  ohms. 


564   DETECTION  AND  MEASUREMENT  OF  ELECTRIC  WAVES 

and  since  the  high  frequency  resistance  of  the  inductance  itself  \vas 
found  to  be  0-31  ohm  for  that  frequency,  we  find  1*17  —  0-31  =  0*86 
ohm  as  the  resistance  of  the  spark. 

In  taking  these  resonance  curves  it  is  a  very  great  assistance  to 
allow  a  steady  blast  of  air  under  a  pressure  of  about  16-20  inches  of 
water  to  impinge  on  the  gap  between  the  spark  balls.  It  not  only 
keeps  the  balls  cool,  but  blows  away  the  arc  which  tends  to  form  at 
each  discharge,  which  would  otherwise  keep  down  the  condenser 
terminal  voltage. 

21.  Measurement  of  the  Wave  Length  and  Deorement  of 
Incident  Waves. — It  is  quite  easy  in  the  above-described  manner 
to  measure  the  wave  length  and  damping  of  the  waves  sent  out  from 
a  transmitting  antenna.  It  is  rather  more  difficult  when  we  are 
concerned  with  the  waves  arriving  on  an  antenna,  since  the  oscilla- 
tions set  up  in  it  are  then  much  more  feeble.  The  same  principles, 
however,  apply.  It  is  merely  a  question  of  a  more  sensitive  oscilla- 
tion detecting  instrument  wherewith  to  measure  the  mean*8quare 
value  of  the  oscillations  in  the  receiving  antenna. 

The  author  has  found  that  the  most  convenient  detector  for  this 
purpose  is  the  molybdenite-copper  point  rectifier  of  Professor  G.  W. 
Fierce.  A  small  mass  of  molybdenite  is  held  in  a  clip,  and  a  copper 
point  adjusted  in  light  contact  therewith.  The  contact  has  very 
effective  unilateral  conductivity,  and  rectifies  the  trains  of  oscillations 
so  that  they  affect  a  high  resistance  telephone  (1000  ohms)  placed  as 
a  shunt  across  the  condenser  terminals  of  the  cymometer. 

The  wave  lengths  of  the  arriving  weaves  can  then  be  read  off  on 
the  scale  by  adjusting  the  wavemeter  circuits  to  give  maximum 
sound  in  the  telephone. 

The  cymometer  or  other  wavemeter  can  then  be  employed  to 
measure  the  decrement  of  the  oscillations  in  the  receiving  antenna  as 
follows : — 

The  first  step  is  to  plot  a  resonance  curve,  as  already  shown, 
by  setting  out  as  ordinates  the  value  of  the  mean-square  current 
(J2)  in  the  cymometer  circuit  corresponding  to  various  values  of  the 
natural  frequency  (n)  of  that  circuit  for  various  settings  of  the 
capacity  and  inductance  within  such  limits  that  n  does  not  differ 
from  the  resonance  frequency  N  by  more  than  5  per  cent.  Then  if 
Jr^  is  the  mean-square  value  of  the  maximum  or  resonance  current 
'  in  the  cymometer  circuit,  and  82  is  the  decrement  per  semi-period  of 
that  circuit,  and  if  8^  is  the  decrement  of  the  oscillations  in  the 
antenna,  we  have  by  the  usual  Bjerknes  formula — 


8i  +  8.  =  7r(l-|)v/j;^,.     ■     •    •    (12) 


Assuming,  then,  that  the  resonance  curve  is  drawn  with  J2  as 
ordinates  and  n  as  abscissae,  we  may  select  various  values  of  n  and 
J2,  and  substitute  them  in  the  above  formula,  provided  that  n  is 
within  5  per  cent,  of  N.  We  may  shorten  the  calculation  by  taking 
95  ,  .       n       1 

100 
ing  to  this  value  of  n. 


n  =  :r^w;N  and  1  —  ^  ~  oa»  *^^  determine  the  value  of  J2,  correspond- 

100  iN       ^0 
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.Again,  since  the  decrement  of  the  cymometer  circuit  is  given  hy 

the  expression  82  =  r-jn  where  R'  is  the  high  frequency  resistance  of 

that  circuit  and  U  is  its  inductance  corresponding  to  the  frequency  n, 
then  for  those  types  of  wavemeter  in  wluch  L'  is  either  constant  or 

Q 

varies  proportionately  to  R',  we  have  82=-,  where  0  is  some  con- 
stant for  the  instrument  which  can  be  determined  by  experiment. 

Accordingly,  the  semi-period  decrement  of  the  oscillations  in  the 
sending  antenna  is  given  by  the  expression — 


*^  =  50V  A2~=-i~» <^^^ 


where  A^  is  the  ratio  of  the  mean-square  values  of  the  resonance 
current  and  the  current  corresponding  to  a  frequency  n  which  exist 
in  the  wavemeter  circuit,  n  differing  by  5  per  cent,  from  the  reso- 
nance frequency,  and  G  being  an  instrumental  constant  of  the  wave 

R' 
meter,  viz.  the  value  of  jp  for  that  setting  of  the  instrument  corre- 
sponding to  the  frequency  ». 

The  receiving  appliance  must  consist  of  an  inductance  coil  of 
adjustable  inductance,  and  a  coil  in  series  with  it  which  forms  the 
primary  of  an  oscillation  transformer  the  secondary  circuit  of 
which  is  movable  so  as  to  vary  over  wide  limits  the  coupling  of 
the  two  circuits.  The  secondary  circuit  is  completed  by  a  con- 
denser of  variable  capacity,  and  the  terminals  of  this  capacity  are 
connected  also  through  a  rectifying  contact,  such  as  the  molybde- 
nite, copper  point  and  a  high-resistance  telephone  in  series  with  the 
latter. 

The  first  step  is  to  determine  the  ratio  of  the  mean-square  values 
of  the  resonance  currents  in  the  secondary  circuit  of  the  transformer 
when  the  secondary  is  set  with  various  couplings,  or  at  various 
distances  from  the  primary.  This  can  be  done  by  sending  constant 
oscillations  through  the  primary  circuit,  and  emplo3ang  a  low  resist- 
ance hot-wire  ammeter  in  the  secondary  circuit,  or  else  a  high- 
resistance  galvanometer,  in  place  of  the  telephone,  in  series  with  the 
rectifying  contact,  the  two  being  placed  as  a  shunt  across  the  con- 
denser.    In  the  experiment  we  are  really  obtaining  the  value  of  the 

square  of  the  coupling  (f  ^)  ^or  the  two  circuits  of  the  transformer. 

Having  done  this  we  replace  the  telephone  on  the  detector  circuit 
and  adjust  the  receiver  to  pick  up  the  impinging  waves  of  which  it  is 
desired  to  measure  the  decrement.  The  coupling  of  the  two  circuits 
of  the  transformer  must  then  be  reduced  until  the  sound  in  the 
telephone  just  ceases  to  be  heard.  Let  the  mean-square  current  in 
the  secondary  oivcuit  be  then  denoted  by  Jr^. 

The  tuning  is  then  altered  by  changing  the  capacity  in  the 
secondary  circuit  sufficiently  to  make  its  natural  frequency  differ 
by  6  per  cent,  from  the  resonance  frequency.  The  coupling  is 
then  strengthened  until   the   sound  in  the  telephone  is  again   just 
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audible.  Let  the  mean-sqHare  current  in  the  secondary  circuit  be 
then  denoted  by  J2,  and  the  resonance  mean-square  current  for 
exact  tuning  at  frequency  N  corresponding  to  that  particular  coupling 
be  denoted  by  ^Jr^.  We  may  then  assume  that,  Jr^  =  J2,  and  we  have 
previously  determined  the  ratio  ^Jr*  to  Jr*.  Call  this  ratio  a  for  the 
couplings  m  question.     Then  it  follows  that — 

and  the  decrement  of  the  oscillation  in  the  receiving  antenna  will  be 
given  by  the  same  formula  as  before,  viz. — 


«^=S\/«ii-«« <i^) 


To  determine  82,  or  the  decrement  per  semi-period  of  the  secondary 
circuit  of  the  oscillation  transformer,  a  second  set  of  readings  must  be 
taken  in  the  same  manner  in  which  the  decrement  of  the  secondary 
circuit  is  artificially  increased  by  the  insertion  in  it  of  a  fine  wire  of 

r' 

high  resistance,  /,  the  added  decrement  due  to  this  is  S^o  =  ^   ,^    , 

4n  Lg 

where  nf  is  the  frequency  and  Lg  the  inductance  of  the  secondary 

circuit  at  resonance.     If  then   ^r^  is  the  mean-square  secondary 

current  with  this  added  resistance,  and  gJr^  is  the  current  for  the 

same  coupling  with  the  resistance  /  cut  out,  then  by  equation  (9)  we 

have — 

8J.2S2(8i  +  82)  =  2J.2(82  +  82')(8l+S2  +  82')     •      •      (16) 

If  the  coupling  in  this  last  experiment  is  so  arranged  that  jJr^  is  a 
current  just  audible  in  the  telephone,  we  can  s&y  that  j^r^  =  Jr^,  and 
the  ratio  of  gj^^  to  Jr^  =  )3  is  known  from  the  previous  calibration. 

Hence  from  equation  (15)  and  (16)  we  can  determine  8^. 

The  process  is  rendered  much  more  simple  in  those  cases  in 
which  the  current  in  the  receiving  antenna  is  large  enough  to  affect 
directly  a  sensitive  thermal-micro  ammeter  such  as  Mr.  Duddell's 
instrument,  for  we  have  then  no  difficulty  in  determining  the  ratio 

Y^  for  the  two  frequency  settings  of  the  receiver. 

For  the  rapid  measurement  of  the  decrement  of  damped  oscilla- 
tions in  a  circuit  the  Marconi  Company  make  up  an  instrument  called 
a  "  decremeter,"  in  which  the  detecting  instrument  is  a  telephone  in 
series  with  a  rectifying  carborundum  crystal.  The  principle  of  the 
decremeter  will  be  understood  from  the  diagram  in  Fig.  64,  and  the 
external  appearance  is  shown  in  Fig.  65.  It  consists  of  a  spiral 
inductance  XY  in  series  with  a  variable  condenser  C,  forming  a  closed 
oscillation  circuit.  A  telephone  and  crystal  detector  are  connected 
in  shunt  to  a  part  of  the  inductance.  The  decremeter  can  therefore 
be  used  as  a  wavemeter.  A  portion  of  this  inductance  is  in  the  form 
of  a  rectangle  of  wire,  L^  (see  Fig.  64),  which  is  contained  in  the  lid 
of  the  instrument  as  in  the  latest  form  of  Fleming  Cymometer  (see 
Fig.  55).    This  serves  to  couple  the  instrument  circuit  to  the  circuit 
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under  test.  By  varying  the  capacity  of  the  condenser  G  the  instru- 
ment circuit  can  be  tuned  to  the  tested  circuit,  and  this  tuning  is 
recognized  by  the  sounds  in  the  telephone  being  at  their  loudest 
when  the  contact  point  E  is  moved  up  as  near  the  end  of  the  spiral 
as  possible.  The  setting  of  the  condenser  is  then  left  unaltered 
during  the  decrement  measurements.  The  inductance  coil  consists  of 
wire  in  the  form  of  a  long  spiral  of  small  diameter,  and  hence,  except 
near  the  ends,  the  potential  fall  down  it  is  regular.  For  this  reason, 
one  end  of  the  telephone  is  connected  not  quite  at  the  end,  and  a 
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Fig.  64. — Scheme  of  Connections  of  Marconi  Company's  Deoremeter. 

sliding  contact  at  E  is  provided  on  the  spiral.  A  part  of  che  induc- 
tance is  in  the  form  of  a  rectangle  of  wire  L^  in  the  lid  of  the  box, 
and  this  is  held  near  the  circuit  under  test.  A  resonance  curve  can 
thus  be  plotted  by  noting  the  position  of  the  slider  E  for  different 
values  of  the  condenser  capacity,  E  being  adjusted  to  the  point  at 
which  the  sound  in  the  telephone  is  just  audible.  Since  the  strength 
of  the  signal  is  inversely  proportional  to  the  scale  reading  DE,  and 
the  wave  length  is  proportional  to  the  square  root  of  the  capacity, 
a  resonance  curve  can  be  obtained  by  plotting  the  reciprocals  of  the 
scale  readings  DE  against  the  square  roots  of  the  condenser  capacities. 
The  decrement  is  obtained  by  applying  the  Bjerknes  formula.  For 
this  purpose  a  throw-over  switch  F  is  provided,  which  throws  in 
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extra  inductance  Lg,  so  ae  to  alter  the  frequency  of  the  circuit  by 
about  4  per  cent. 

Tlie  obBBrvation  then  consiBts  in  tapping  the  detector  circuit  off  a 
fixed  inductaoce  of  thirty-two  turnB  of  the  spiral  when  the  oscillatioo 
circuit  is  put  out  of  tune  by  throwing  the  above-mentioned  extra 
iaductance  into  the  coDdenser  circuit,  and  then  to  obtain  an  equally 
Btrong  signal  by  adjusting  the  slider  again  at  another  position  with 
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the  extra  inductance  cut  out  and  the  circuit  in  tune  with  the  circuit 
being  tested. 

A  table  is  supplied  with  the  instrument,  which  allows  the  decre- 
ment of  the  circuit  under  observation  to  be  obtained  from  the  above 
observation  e. 

For  a  description  of  another  form  of  direct-reading  decremeter, 
by  F.  A.  Kolster,  the  reader  is  referred  to  the  Froeeeding»  of  ths  Insti- 
ttite  of  Radio-eiiffinferx.  vol.  3,  p.  29,  March,  1915. 

The  circuits  with  which  these  oscillation  detectors  are  combined 
to  construct  rodiotelegrapbic  receivers  are  described  in  the  next 
chapter. 


PART    III.-ELECTRIC   WAVE  OR   RADIO- 

TELEGRAPHY 

CHAPTER  Vn 

TEE  APPARATUS  OF  RADIO-TELEGRAPHY 

1.  Early  Ideas  and  Expepiments* — The  reader  who  desires  to 
study  the  history  of  all  the  various  methods  suggested  for  conducting 
wireless  telegraphy  must  consult  books  more  especially  devoted  to 
the  historical  side  of  the  subject.^ 

From  the  earliest  days  of  electric  telegraphy,  inventors  had  their 
attention  directed  to  the  problem  of  dispensing  in  part  or  entirely 
with  continuous  interconnecting  wires.  In  1838,  Steinheil  of  Munich, 
acting  on  a  suggestion  made  by  Gauss,  demonstrated  that  the  earth 
could  perform  the  function  of  a  return  for  a  telegraphic  circuit,  and 
thus  made  one  of  the  most  important  contributions  to  practical 
telegraphy. 

He  seems,  moreover,  to  have  anticipated  that  in  time  improve- 
ments might  be  effected  by  which  the  necessity  for  any  metallic 
circuit  at  all  would  be  removed.^  From  the  date  of  that  suggestion 
the  notion  of  telegraphy  without  wires  may  be  said  to  have  been  ever 
present  to  the  minds  of  telegraphic  engineers. 

The  necessity  for  finding  some  solution  of  the  problem  of  wireless 
telegraphy  increased  as  the  art  of  electric  telegraphy  itself  extended, 
even  if  it  were  only  to  enable  telegraphists  to  bridge  over  some  short 
break  or  interval  in  a  metallic  circuit.  Suffice  it  here  to  say  that  if 
we  exclude  the  method  depending  on  the  employment  of  electro- 
magnetic waves,  the  processes  which  had  been  previously  found 
feasible  or  had  been  suggested  were  based  upon — 

(i.)  The  conduction  of  electric  currents  through  the  moist  earth  or 
the  waters  of  rivers,  lakes,  or  seas.    This  method  particularly  engaged 

^  We  may  particularly  refer  the  reader  to  the  excellent  work  by  Mr.  J.  J.  Fable, 
"  A  History  of  Wireless  Telegrapby  "  (Blackwood  &  Sons,  London  and  Edinburgb). 

«  See  Fable's  "  History  of  Wireless  Telegraphy,  1888-1899,"  1899,  p.  4  (Black- 
wood &  Co.) ;  also  Fable's  "  History  of  Electric  Telegrapby  to  tbe  Year  1837," 
pp.  348-848,  for  tbe  bistory  of  tbe  earth  return  in  telegrapby. 

Although  Stenbeil  was  not  tbe  first  to  employ  or  suggest  the  use  of  an  earth 
return  for  completing  an  electric  circuit,  he  was  the  first  to  apply  it  in  practical 
telegraphy,  ana  to  realize  its  importance. 

See  also  Steinheil,  '*  Ueber  Telegrapbie,  insbesondere  durch  galvaniscbe  Krafte." 
Manich,  1838. 

Interesting  quotations  from  Steinheil's  writings  are  given  in  Mr.  Fable's  book 
on  wireless  telegrapby. 
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the  attention  of  Morse,  Lindsay,  Trowbridge,  Preece,  Bathenau, 
Strecker,  Wilkins,  and  Melhuish. 

(ii.)  Electromagnetic  induction  between  parallel  metallic  con- 
ductors, either  complete  circuits  or  circuits  including  earth  returns. 
Suggested  and  studied  by  Trowbridge,  Preece,  Stevenson,  and  Lodge. 

(iii.)  A  combination  of  methods  (i.)  and  (ii.).  Made  into  a  prac- 
tical system  chiefly  by  the  labours  of  Sir  WiUiam  Preece,  aided  by 
the  British  Postal  Telegraph  Engineers. 

(iv.)  Electrostatic  induction  between  conductors  separated  by  a 
greater  or  less  distance.  Brought  to  a  working  sucoess  by  Edison, 
Gilliland,  Phelps,  and  W.  Smith,  as  a  means  of  communication  with 
moving  raUway  trains. 

The  reader  wishing  to  have  some  information  with  regard  to  the 
earlier  researches  of  the  above-named  inventors  may  be  referred  to 
the  following  original  papers,  as  well  as  to  the  "  History  of  Wireless 
Telegraphy,"  by  Mr.  J.  J.  Fahie  above  mentioned. 

J.  Trowbridge,  '*  The  Earth  as  a  Gonduotor  of  Electrioity,"  American  Acad. 
Arts  and  Sciences,  1880. 

W.  H.  Preece,  "  Recent  Progress  in  Telephony,"  BritiBh  Association  Report, 
1882. 

W.  H.  Preece,  "Electric  Induction  between  Wires  and  Wires,"  British 
Association  Reports,  1886  and  1887. 

W.  H.  Preece,  "  Electric  Signalling  without  Wires,"  Journal  Soc,  of  Arts, 
February  23, 1894. 

W.  H.  Preece,  "  Signalling  through  Space  without  Wires,"  Proc.  Roy,  Inst. 
^Lond,,  1897,  vol.  xv.  p.  46T. 

W.  H.  Preece,  "  ^theric  Wireless  Telegraphy,"  Proc.  Inst.  Elec.  Eng.  Lend., 
1898,  vol.  xxvii.  p.  869.  • 

O.  J.  Lodge,  "  Magnetic  Space  Telegraphy,"  Proc.  Inst.  Elec.  Eng.,  1899,  vol. 
xxvii.  p.  799. 

In  many  cases  suggestions  were  put  forward  which  were  based 
upon  obviously  erroneous  ideas,  and  even  embodied  in  patent  specifi- 
cations without  being  subjected  to  critical  trial.  Nevertheless,  the 
best  of  the  methods  above  classified  had  only  enabled  comparatively 
short  distances  to  be  covered.  Even  the  most  effective  of  them,*  viz. 
the  method  involving  both  conduction  through  the  soil  or  water  and 
electromagnetic  induction  between  parallel  wires,  was  extremely 
limited  in  its  applicability  by  reason  of  the  necessity  for  employing 
two  parallel  metallic  wire  circuits  almost  as  long  as  the  distance  to 
be  bridged. 

A  new  era  dawned  when  the  scientific  investigations  commenced 
which  finally  placed  us  in  possession  of  the  principal  facts  connected 
with  the  generation  and  detection  of  electromagnetic  waves,  or  as 
they  are  more  shortly  called,  electric  waves. 

Maxwell's  mathematical  researches  resulted  in  the  enunciation 
in  1865  of  his  famous  electromagnetic  theory  of  light,  but  the 
difficulty  of  visualizing  the  nature  of  a  luminous  vibration  on  this 
theory  retarded  its  appreciation.  Hertz's  discoveries  and  investiga- 
tions, published  in  1888,  cast  a  flood  of  light  upon  its  meaning,  and 
whilst  opening  up  a  wide  and  promising  field  for  experimental 
investigation,  gave  such  enforcement  to  Maxwell's  theory  that  it  at 
once  commanded  general  attention. 

The  matters,  however,  which  chiefly  interested  physicists  were  the 
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properties  of  the  long  waves  generated  in  the  lether  hy  Hertzian 
methods,  and  the  similarity  between  the  effects  connected  with  them 
and  familiar  optical  phenomena.  Hence  a  rapidly  accumulated  mass 
of  experimental  evidence  was  obtained,  tending  to  show  that  luminous 
radiation  may  be  electromagnetic  in  nature.  Electro-optic  phenomena 
were  sedulously  studied,  and  physical  optics  became,  as  it  were,  a 
department  of  electromagnetism. 

When  any  new  field  of  discovery  or  invention  is  thus  laid  open, 
it  invites  the  attention  of  two  classes  of  minds.  There  are  those  who 
are  chiefly  drawn  to  its  cultivation  by  a  desire  to  increase  purely 
scientific  knowledge,  and  to  explore  the  mysteries  involved,  regardless 
of  any  particular  practical  utility  they  may  possess.  On  the  other 
hand,  there  are  others  to  whom  this  pursuit  of  novel  facts  or  effects, 
or  the  unravelling  of  complicated  phenomena,  or  the  construction  of 
new  theories,  does  not  appeal.  They  are  impelled  to  look  at  once  for 
applications  of  the  new  knowledge  which  will  minister  to  the  con- 
venience or  mitigate  the  troubles  of  mankind.  Probably  in  neither 
case  is  a  more  personal  motive  entirely  absent,  but  whilst  some  minds 
regard  the  discovery  of  new  physical  facts  or  laws  as  an  end  in  itself, 
others  regard  them  only  as  a  means  to  an  end,  and  invent  rather 
than  discover  or  explore.  The  general  non-scientific  public  are,  how- 
ever, prone  to  attach  more  importance  to  the  so-called  applications 
than  to  the  discoveries  out  of  which  they  have  grown.  Hence  the 
practical  inventor  or  applier  of  scientific  knowledge  generally  occupies 
in  the  pubhc  mind  a  more  prominent  position  than  the  purely 
scientific  investigator.  Unless  the  latter  has  the  good  fortune  to 
make  some  sensational  discovery  capable  of  immediate  technical 
application,  such  as  the  Bontgen  radiation,  his  work  will  seldom 
attract  notice  outside  of  a  limited  circle  of  experts.  So  it  was  in  the 
case  of  the  field  of  investigation  laid  open  by  Hertz.  Between  1888 
and  1895  a  host  of  scientific  workers  in  various  lands  gathered  in  a 
rich  harvest  of  scientific  knowledge  concerning  the  properties  and 
powers  of  electromagnetic  waves.  The  non-scientific  public  concerned 
itself  but  httle  with  these  results. 

In  1892  Nikola  Tesla  captured  the  attention  of  the  whole  scien- 
tific world  by  his  fascinating  experiments  on  high  frequency  electric 
currents.  He  stimulated  the  scientific  imagination  of  others  as  well 
as  displayed  his  own,  and  created  a  widespread  interest  in  his  brilliant 
demonstrations. 

Amongst  those  who  witnessed  these  things  no  one  was  more  able 
to  appreciate  their  inner  meaning  than  Sir  William  Crookes.  More 
than  twenty  years  previously  he  had  explored  with  wonderful  skill 
and  insight  the  phenomena  of  electrical  discharge  in  high  vacua,  and 
had  produced  the  instrument  which  subsequently  produced  the 
Bontgen  rays.  He  allowed  a  trained  scientific  imagination  to  busy 
itself  with  the  recent  discoveries,  and  he  wrote  a  now  well-known 
article  "On  some  Possibilities  of  Electricity"  in  the  Fortnightly 
Review  for  February,  1892  (p.  173),  in  which  he  endeavoured  to  fore- 
cast some  of  the  applications  of  high  frequency  electric  currents  and 
of  Hertzian  waves. 

In  this  outlook  into  the  future  he  clearly  discerned  the  coming  of 
a  new  form  of  wireless  telegraphy  based  on  an  application  of  Hertz's 
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discoveries  to  the  communication  of  intelligence  from  place  to  place. 
In  the  coarse  of  the  paper  Sir  William  Crookes  made  a  cryptic  refer- 
ence to  experiments  in  this  direction  he  had  witnessed  "  some  years 
ago,"  which  were  subsequently  explained  to  refer  to  unpublished 
investigations  by  the  late  Professor  D.  E.  Hughes,  in  which  signals 
were  sent  **  a  few  hundred  yards,"  without  connecting  wires,  by  the 
aid  of  a  telephone.  No  details  of  the  experiments  were  given,  or  any 
hint  of  how  the  result  was  obtained.  For  the  purposes  of  patent 
litigation  this  notable  essay  has  been  put  forward  as  an  anticipation 
of  subsequent  practical  work.  It  is  necessary,  however,  to  keep  clearly 
in  mind  the  true  meaning  of  "  invention."  Invention  does  not  con- 
sist in  displaying  a  few  brilliant  and  original  ideas.  Neither  does  it 
consist  in  outlining  a*  certain  set  of  requirements  and  broadly  defining 
the  naeans  by  which  certain  ends  may  be  obtained.  Invention  con- 
sists in  overcoming  the  practical  difficulties  of  the  new  advance,  not 
merely  talking  or  writing  about  the  new  thing,  but  in  ching  it,  and 
doing  it  so  that  those  who  come  after  have  had  real  obstacles  cleared 
out  of  their  way,  and  have  a  process  or  appliance  at  their  disposal 
which  was  not  there  before  the  inventor  entered  the  field.  In  most 
cases,  however,  the  removal  of  the  obstacles  which  block  the  way  is 
not  entirely  the  work  of  one  person.  The  fort  is  captured  only  after 
a  series  of  attacks,  each  conducted  under  a  different  leader.  In  these 
cases  the  inventor  who  breaks  down  the  last  obstruction  or  leads  the 
final  assault  is  more  particularly  associated  in  the  public  mind  with 
the  victory  than  are  his  predecessors,  though  his  intrinsic  contribution 
may  not  be  actually  of  greater  importance. 

There  are  other  cases,  however,  in  which,  prior  to  the  work  of 
one  man,  we  can  find  no  actual  achievement,  although  the  end  to  be 
attained,  and  to  some  extent  the  character  of  the  means  to  be  used, 
are  clearly  recognized. 

In  the  article  to  which  reference  is  made  we  find  much  remarkable 
prognostication,  but  not  a  description  of  actual  inventions. 

It  emphasized,  in  fact,  how  much  at  that  date  (1892)  yet  remained 
to  be  done.  Speaking  of  electromagnetic  waves  and  their  properties. 
Sir  William  Crookes  says  {loc,  cU.)  \— 

"  Here  is  unfolded  to  us  a  new  and  astonishing  world,  one  which  it  is  hard  to 
conceive  should  contain  no  possibilities  of  transmitting  and  receiving  intelligence. 

"  Rays  of  light  will  not  pierce  through  a  wall,  nor,  as  we  know  only  too  well, 
through  a  London  fog.  But  the  electrical  vibrations  of  a  yard  or  more  in  "wave 
length  of  which  I  have  spoken  will  easily  pieroe  such  meaiums,  which  to  them 
will  be  transparent.  Here,  then,  is  revealed  the  bewildering  possibility  of  tele- 
graphy without  wires,  posts,  cables,  or  any  of  our  present  costly  appliances. 
Granted  a  few  reasonable  postulates,  the  whole  thing  comes  well  within  the 
realms  of  possible  fulfilment.  At  the  present  time  experimentalists  are  able  to 
generate  electrical  waves  of  any  desired  wave-length  from  a  few  feet  upwards, 
and  to  keep  up  a  succession  of  such  waves  radiating  into  space  in  all  directions. 
It  is  possible,  too,  with  some  of  these  rays,  if  not  with  all,  to  refract  them  through 
suitably  shaped  bodies  acting  as  lenses,  and  so  direct  a  sheaf  of  rays  in  any  given 
direction ;  enormous  lens-shaped  masses  of  pitch  and  similar  bodies  have  been 
used  for  this  purpose.  Also  an  experimentalist  at  a  distance  can  receive  some, 
if  not  all  of  these  rays  on  a  properly  constituted  instrument,  and  by  concerted 
signals  messages  in  the  Morse  code  can  thus  pass  from  one  operator  to  another. 
What,  therefore,  remains  to  be  discovered  is — firstly,  simpler  and  more  certain 
means  of  generating  electrical  rays  of  any  desired  wave-length,  from  the  shortest, 
say  of  a  few  feet  in  length,  which  will  easily  pass  through  buildings  and  fogs,  to 
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those  long  waves  whose  lengths  are  measured  by  tens,  hnndreds,  and  thousands 
of  miles ;  secondly,  more  delicate  receivers  which  will  respond  to  wave-lengths 
between  certain  defined  limits  and  be  silent  to  all  others ;  tnirdly,  means  of  dart- 
ing the  sheaf  of  rays  in  any  desired  direotion,  whether  by  lenses  or  reflectors,  by 
the  help  of  which  the  sensitiveness  of  the  receiver  (apparently  the  most  difficult 
of  the  problems  to  be  solved)  would  not  need  to<  -be  so  delicate  as  when  the  rays 
to  be  picked  up  are  simply  radiating  into  space  in  all  directions,  and  fading  away 
according  to  the  law  of  mverse  squares. 

"  I  assume  here  that  the  progress  of  discovery  would  give  instruments  capable 
of  adjustment  by  turning  a  screw  or  altering  the  length  of  a  wire,  so  as  to  become 
receptive  of  wave-lengths  of  any  preconcerted  len^^h.  Thus,  when  adjusted  to 
50  yards,  the  transmitter  might  emit,  and  the  receiver  respond  to,  rays  varying 
between  45  to  55  yards,  and  be  silent  to  all  others.  Considering  that  there  would 
be  the  whole  range  of  waves  to  choose  from,  varying  from  a  few  feet  to  several 
thousand  miles,  there  would  be  sufficient  secrecy,  for  curiosity  the  most  inveterate 
would  surely  recoil  from  the  task  of  passing  in  review  all  the  millions  of  possible 
wave-lengths  on  the  remote  chance  of  ultimately  hitting  on  the  particular  wave- 
length employed  by  his  friends  whose  correspondence  he  wished  to  tap.  By 
'  coding '  tne  message  even  this  remote  chance  of  surreptitious  straying  could  be 
obviated. 

"  This  is  no  mere  dream  of  a  visionary  philosopher.  All  the  requisites  needed 
to  bring  it  within  the  grasp  of  daily  life  are  well  within  the  possibilities  of  dis- 
covery, and  are  so  reasonable  and  so  clearly  in  the  path  of  researches  which  are 
now  being  actively  prosecuted  in  every  capital  of  Europe  that  we  may  any  day 
expect  to  hear  that  they  have  emerged  from  the  realms  of  speculation  into  those 
of  sober  fact.  Even  now,  indeed,  telegraphing  without  wires  is  possible  within 
a  restricted  radius  of  a  few  hundred  yards,  and  some  years  ago  I  assisted  at 
experiments  where  messages  were  transmitted  from  one  part  of  a  house  to  another 
without  an  intervening  wire  by  almost  the  identical  means  here  described." 

The  above  vague  reference  to  experiments  on  telegraphy  without 
wires  over  a  short  distance  was  at  a  later  date  illuminated  by  the 
account  given  by  Professor  D.  E.  Hughes  himself,  of  the  precise 
nature  of  these  hitherto  undescribed  experiments.^  In  the  course  of 
his  work  on  the  microphone,  Professor  D.  E.  Hughes  had  occasion 
to  notice  the  wonderful  sensitiveness  of  a  "  microphonic  "  or  loose 
joint  between  conductors,  and  its  variation  of  resistance  under  impacts, 
such  as  those  of  sound  waves.  He  included  such  an ''  imperfect  con- 
tact "  in  series  with  a  voltaic  cell  and  a  telephone,  and  lound  that  the 
resistance  of  certain  kinds  of  contact  was  effected  by  electric  sparks 
at  a  distance.  Using  a  contact  between  carbon  and  steel,  he  no  doubt 
constructed  some  form  of  self-restoring  coherer,  and  made  the  im- 
portant discovery  that  the  discharge  of  a  Leyden  jar  at  a  distance 
caused  a  sudden  variation  in  its  electrical  resistance,  and  hence  a 
sound  in  the  telephone  included  in  its  circuit. 

Professor  D.  E.  Hughes  stated  in  a  letter  addressed  to  Mr.  Fahie, 
on  April  29,  1899  {loc.  cU.)y  that  he  showed  these  experiments  in 
December,  1879,  to  Sir  W.  H.  Preece,  Sir  WilUam  Crookes,  Sir  W. 
Roberts- Austen,  Professor  W.  G.  Adams,  and  Mr.  W.  Grove ;  also  in 
February,  1880,  to  Mr.  Spottiswoode,  then  president  of  the  Eoyal 
Society,  and  to  Professor  Huxley,  and  Sir  George  Gabriel  Stokes,  the 
secretaries.  In  addition,  he  exhibited  them  to  Sir  James  Dewar  and 
Mr.  Lennox.  He  was  apparently  discouraged  from  publishing  the 
results  at  the  time  by  finding  that  Sir  George  Stokes  considered  they 
were  due  to  ordinary  electromagnetic  induction.  It  is,  however,  clear 
from  the  statements  of  Professor  Hughes  himself  in  1899  that  he  had 

*  See  »  letter  by  Prof.  D.  E.  Hughes  in  The  Electrician,  May  6, 1899,  vol.  43, 
p.  40. 
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discovered  (but  not  announced)  in  1879  a  number  of  facts  afterwards 
rediscovered  by  Professor  E.  Branly  in  Paris  in  1891,  and  he  had, 
in  fact,  been  using  a  self-restoring  earbon-iron  coherer  in  series  with 
a  telephone  which  was  affected  up  to  a  distance  of  a  few  hundred 
yards  by  the  electromagnetic  waves  created  by  an  electric  spark.  If 
at  the  time  he  had  publicly  placed  these  observations  on  record,  he 
would  undoubtedly  have  anticipated  some  at  least  of  Branly's  work, 
but  much  remained  to  be  done,  which  was  subsequently  done  by 
Hertz  and  by  Marconi,  before  electric  wave  wireless  telegraphy,  in 
any  true  sense  of  the  word,  could  be  translated  from  dream  to  fact. 

Four  years  passed  by,  however,  without  any  fulfilment  of  Grookes' 
scientific  prophecy,  although  the  most  eminent  physicists  continued 
to  work  at  the  subject. 

On  January  1,  1894,  the  scientific  world  heard  with  profound 
regret  of  the  death  of  Hertz. 

On  Friday,  June  1,  1894,  Sir  Oliver  Lodge  delivered  a  memorial 
lecture  on  "  The  Work  by  Hertz,"  in  the  Boyal  Institution,  London. 

This  lecture  was  remarkable  in  many  ways.  It  gave  many 
persons  the  opportunity  of  seeing,  for  the  first  time,  striking  experi- 
ments performed  with  Hertzian  waves.  The  lecturer  made  use  of 
a  modified  Branly's  metallic  filings  tube,  and  also  of  a  loose  or  im- 
perfect metaUic  contact  of  his  own  invention,  as  a  means  of  detecting 
the  electric  waves,  and  he  gave  to  these  devices  the  name  coherer^  by 
which  they  have  since  been  known. 

The  tube  was  a  glass  tube  loosely  filled  with  iron  borings  and 
closed  at  the  ends  with  metal  plugs  or  caps.  It  is  represented  about 
one-third  of  full  size  in  Fig.  3  of  Chap.  VI.  The  other  form  of 
coherer  was  a  loose  or  microphonic  contact  between  two  pieces  of 
metal,  the  pressure  of  which  could  be  adjusted  so  that  the  junction 
offered  too  great  a  resistance  to  pass  the  current  from  a  single  cell, 
but  cohered  when  electric  waves  fell  upon  it.  In  both  cases  the  tapping 
back  or  decoherence  was  effected  by  hand  after  each  experiment. 

Experiments  on  the  reflection,  refraction,  and  polarization  of  these 
electric  waves  were  shown,  and  their  passage  through  stone  walls 
from  room  to  room.  Yet,  although  replete  with  interest,  the  lecture, 
as  originally  dehvered,  contained  not  even  a  hint  of  a  possible  appli- 
cation of  these  electromagnetic  waves  to  telegraphy.  The  lecturer 
throughout  fixed  the  attention  of  the  audience  on  the  similarity 
between  the  effects  obtainable  with  these  waves  and  those  better 
known  effects  produced  by  rays  of  light. 

It  was,  in  fact,  an  experimental  demonstration  of  the  undulatory 
character  of  the  electromagnetic  radiation  from  an  oscillator,  and  of 
the  electromagnetic  nature  of  ordinary  light. 

Subsequently  the  lecture  was  published  as  a  book,  the  first 
edition  of  which  bore  the  title,  "  The  Work  of  Hertz  and  some  of  his 
Successors."  * 

These  experiments  and  some  variations  of  then}  were  repeated  at 
the  meeting  of  the  British  Association  at  Oxford  in  the  following 
autumn,  but  here  again  no  mention  of  the  application  of  these  waves 
to  telegraphy  was   made,  the  object   of  the   experiments  being  to 

^  In  later  editions  issued  after  1896  the  title  was  changed  to  "  Signalling  across 
Space  without  Wires." 
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illustrate  an  electrical  theory  of  vision,  and  to  expound  the  properties 
of  the  electric  waves.^ 

It  is  highly  probable  that  these  articles  and  lectures,  bringing 
home  so  forcibly  the  power  of  an  electric  spark  to  affect  or  make  a 
deflection  of  a  galvanometer  at  a  distant  place,  must  have  turned  the 
thoughts  of  many  ingenious  persons  to  its  utilization  as  a  means  of 
sending  telegraphic  signals.  Subsequently  we  were  informed  that 
the  matter  had  b^un  to  occupy  the  minds  of  Dr.  A.  Muirhead, 
Admiral  Sir  H.  B.  tfackson  (then  Captain  in  the  Eoyal  Navy),  and 
Professor  E.  Threlfall,  and  perhaps  many  more. 

Amongst  others,  Professor  A.  S.  Popofif,  Professor  in  the  Imperial 
Torpedo  School  in  Cronstadt,  Bussia,  directed  his  attention  to  the 
subject,  attracted  to  it  by  Lodge's  lecture,  and  desirous,  as  he  says, 
of  repeating  the  experiments  both  for  lecture  purposes,  and  for  regis- 
tering electrical  perturbations  taking  place  in  the  atmosphere.  His 
apparatus  and  wave  detector  have  already  been  described  (see  Chap. 
Vl.  §  3),  as  well  as  the  publication  of  his  description  of  them,  and 
experiments  conducted  with  them  in  January,  1896,  in  the  Journal  of 
the  PhysicO'Ghemical  Society  of  Petrograd, 

It  is  beyond  question,  however,  that  the  use  he  made  of  his 
apparatus  was  not  the  communication  of  intelligence  to  a  distance, 
but  for  studying  atmospheric  electricity.  The  observations  were 
made  at  the  institute  of  Forestry,  Petrograd.    Popoff  says — 

"  Upon  the  building  of  the  Institute,  amongBt  other  arrangements  made  for 
observing  the  direction  and  force  of  the  wind,  there  was  a  small  wooden  mast 
about  4  sajen  (28  feet)  higher  than  the  rods  carrying  the  anemometers  and  weather- 
cooks,  and  which  was  furnished  at  the  top  with  an  ordinary  lightning  point  and 
rod.  This  lightning  rod,  by  means  of  a  wire  carried  first  on  the  wood  of  the  mast, 
and  farther  stretched  across  the  yard  on  insulators  into  the  meteorological  obser- 
vatory, was  connected  with  the  apparatus  at  the  point  A  (Fig.  2),  whilst  the  point 
B  was  connected  to  a  wire  which  served  as  an  earth  conductor  or  connection  for 
the  other  meteorological  apparatus,  and  was  connected  to  the  water-supply  pipes. 
The  registering  arrangements  consisted  of  an  electromagnet,  to  the  armature  of 
which  there  was  attached  a  Richard  pen  writing  on  a  Bichard  recording  cylinder, 
making  one  revolution  per  week.  It  was  found  that  the  apparatus  responded  by 
a  ring  of  the  beU  to  every  closing  of  an  electric  circuit  which  was  recording 
observations  of  the  direction  and  force  of  the  wind,  since  electric  oscillations  were 
then  set  up  in  the  conductors  connected  with  the  apparatus  by  the  common  con- 
ductor leading  to  the  earth  plate.  In  order  to  distinguish  these  marks  from  the 
others  made  by  atmospheric  electricity,  the  observers,  who  produced  the  ringing, 
made  a  note  each  time  on  the  cylinder.  This  action  upon  the  apparatus  was, 
however,  useful  for  the  purpose  of  being  sure  that  it  contmued  in  good  order." 

That  this  primary  object  was  not  telegraphy  is  shown  by  the 
paragraph  with  which  he  concludes  his  paper  {loc,  cit.).     He  says — 

"  In  conclusion,  I  may  express  the  hope  that  my  apparatus,  wilh  further  im- 
provements, may  be  adapted  to  the  transmission  of  signals  to  a  distance  by  the 
aid  of  ^uick  electric  vibrations  as  soon  as  a  means  for  producing  such  vibrations 
possessmg  sufficient  energy  is  found." 

We  are  left,  then,  with  this  unquestionable  fact,  that  at  the  begin- 
ning of  1896,  although  the  most  eminent  physicists  had  been  occupied 
for  nine  years  in  labouring  in  the  field  of  discovery  laid   open  by 

*  See  The  Electrician,  August  17, 1894,  vol.  38,  p.  458.  For  pictures  of  the 
Lodge  apparatus  exhibited  at  Oxford,  see  The  Electrician^  vol.  39,  p.  687. 
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Hertz,  and  although  the  notion  of  usmg  these  Hertzian  waves  for 
telegraphy  had  been  clearly  suggested,  no  one  had  overcome  the 
practical  difficulties,  or  actually  given  any  exhibition  in  public  of  the 
transmission  of  intelligence  by  alphabetic  or  telegraphic  signals  by 
this  means.  The  appliances  in  a  certain  elementary  form  existed, 
the  advantages  and  poesibiUties  of  electric  wave  telegraphy  had  been 
pointed  out,  but  no  one  had  yet  conquered  the  real  practical  difficulties, 
and  exhibited  the  process  in  actual  operation. 

2.  Marconi's  Work,  1896-1898. — Meanwhile,  a  young  investi- 
gator had  been  busy  in  Italy.  Ouglielmo  Marconi  was  bom  at 
Bologna  on  April  25, 1874,  and  very  early  displayed  an  original  and 
inventive  mind.  He  studied  physics  under  Professor  Hosa  of  the 
Leghorn  Technical  School,  and  made  himself  acquainted  with  the 
pubHshed  writings  of  Professor  Bighi  of  the  University  of  Bologna, 
whose  valuable  work  on  electromagnetic  radiation  was  well  known. 

When  httle  more  than  twenty  years  of  age,  Marconi  had  not  only 
acquired  much  knowledge  of  Hertzian  wave  research,  but  he  had 
clearly  formed  the  intention  of  devoting  himself  to  its  utilization  for 
effecting  wireless  telegraphy. 

On  his  father's  estate  at  the  Villa  Griffone,  near  Bologna,  he 
began  experimenting  in  June,  1895,  with  Hertzian  waves,  using  an 
ordinary  spark  induction  coil,  and  making  for  himself  experimental 
coherers  or  various  forms  of  the  Branly  tube.  Before  long  he 
originated  an  important  improvement.  Instead  of  employing  the 
Hertzian  form  of  radiator,  he  connected  one  terminal  of  the  secondaiy 
circuit  of  his  induction  coil  to  a  metal  plate  or  net  laid  on  the  ground, 
and  the  other  by  a  wire  to  a  metal  can  or  cylinder,  plaeed  on  the 
summit  of  a  pole.  The  spark  balls  were  kept  at  such  a  distance 
that  on  closing  the  primary  circuit  of  the  coil  an  oscillatory  spark 
passed  between  them.  At  the  receiving  end  he  similarly  connected 
a  metallic  filings  sensitive  tube  between  an  earth  plate  and  an 
insulated  conductor  or  capacity.  He  then  began  systematically  to 
examine  the  relation  between  the  distance  at  which  the  spark  could 
affect  his  coherer  and  the  elevation  of  his  cans  or  cylinders  above 
the  ground.  This  brought  him  speedily  to  the  discovery  that  the 
higher  the  cans  the  greater  the  distance  over  which  he  could  work 

Thus  in  1895  he  was  using  cubes  of  tin  about  1  foot  in  the  side 
as  elevated  conductors  or  capacities,  and  found  that  when  placed  on 
the  tops  of  poles  2  ms.  high  he  could  receive  signals  at  30  ms. 
distance,  and  when  placed  on  poles  4  ms.  high  at  100  ms.,  and  at 
8  ms.  high  at  400  ms.  With  larger  cubes  of  100  cms.  side  fixed  at 
a  height  of  8  ms.  Morse  signals  could  be  .transmitted  2400  metres, 
or  1^  miles  all  round. 

Before  this  time,  however,  he  had  imiproved  the  Branly  metallic 
filings  tube,  and  produced  his  own  nickel-filings  sensitive  tube 
already  described  (see  Chap.  VI.  Fig.  4).  He  had  combined  this 
sensitive  and  regularly  acting  improved  coherer  with  an  electric- 
tapping  arrangement,  but  with  more  careful  insight  into  the  con- 
ditions to  be  fulfilled  and  a  greater  range  of  adjustment  than  previous 
workers. 

He  added  also  to  the  filings  tube  a  pair  of  inductances  or  choking 
coils,  intended  to  prevent  the  electric  oscillations  passing  through  the 
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circuit  in  parallel  with  the  tube,  and  compel  them  to  expend  their 
energy  on  the  tube  itself.  He  placed  in  series  with  the  tube  a  single 
voltaic  cell  and  a  sensitive  relay,  and  employed  the  relay  to  actuate  a 
Morse  printing  instrument  worked  by  a  separate  set  of  cells.  In 
addition,  he  placed  shunt  circuits  across  the  tapper  break  contacts 
and  relay  contacts  to  prevent  sparking,  and  therefore  disturbances  of 
the  sensitive  tube  by  local  effects. 

Finally,  he  mounted  the  whole  receiving  arrangement  on  a  board 
and  enclosed  the  tube,  tapper,  and  relay  in  a  metallic  box  to  shield 
them  from  the  direct  action  of  electric  sparks  made  in  their  vicinity. 

In  the  primary  circuit  of  the  induction  coil  at  the  transmittmg 
end  he  placed  a  Morse  sending  key,  and  he  connected  the  secondary 
terminals  to  the  earth  and  to  an  elevated  conductor  as  described.  At 
the  receiving  end  he  connected,  in  the  early  experiments,  one  end  of 
the  coherer  tube  to  an  earth  plate,  and  the  opposite  terminal  to  an 
elevated  capacity.  (lastly,  he  made  such  adjustments  of  the  tapping 
arrangements  that  when  a  short  series  of  oscillatory  sparks  were 
made  at  the  induction  coil  by  just  depressing  the  Morse  key  in  its 
primary  circuit  for  one  moment,  the  combination  at  the  receiving  end 
printed  a  dot  on  the  Morse  tap,  and  when  the  key  was  depressed  for 
a  longer  time  it  printed  a  dash.  In  this  manner  the  two  signals 
required  for  forming  an  alphabet  on  the  Morse  code  were  obtained, 
and  letters  and  words  could' be  printed  on  the  tape  at  the  receiving 
end  by  properly  handling  the  key  at  the  transmitting  end. 

He  employed  at  first  the  ball  discharger  of  Professor  Bighi,  which 
consisted  of  four  solid  brass  balls,  the  two  larger  central  ones  being 
separated  by  a  certain  small  interval,  and  the  space  between  filled 
vdth  vaseline  oil  kept  in  position  by  a  non-conducting  jacket  or 
membrane. 

In  some  experiments  Marconi  placed  the  discharge  balls  in  the 
focal  line  of  a  cylindrical  parabolic  mirror,  and  the  receiver  in  the 
focus  of  another  similar  mirror,  using,  for  the  purpose  of  collecting 
the  wave  energy,  two  metal  strips  or  rods,  attached  to  the  extremities 
of  the  coherer  tube. 

In  1896  he  came  to  England  with  this  apparatus,  and  on  June  2, 
1896,  he  applied  for  a  British  patent,  No.  12,039,  for  the  invention, 
which  was  duly  granted.  The  complete  specification  was  filed 
March  2, 1897.« 

In  July,  1896,  he  introduced  his  invention  and  new  method  of 
telegraphy  to  the  notice  of  Sir  William  Preece,  then  engineer-in-chief 
to  the  British  Government  Telegraph  Service,  who  had  for  the 
previous  twelve  years  interested  himself  in  the  development  of  wire- 
less telegraphy  by  the  inductive-conductive  method. 

On  Jxme  4,  1897,  Sir  W.  H.  Preece  gave  a  lecture  to  a  large 
audience  at  the  Boyal  Institution  in  London  on  "  Signalling  through 
Space  without  Wires."  ^  Jq  this  lecture,  after  expounding  older  and 
other  methods,  he  devoted    considerable    time   to  exhibiting  and 

*  The  United  States  of  America  equivalent  patent  was  numbered  originally 
No.  586,198,  applied  for  December  7,  1896,  and  issued  July  18,  1897.  After 
amendment  it  was  reissued  as  No.  11,918,  granted  June  4, 1901. 

'  See  The  Electrician,  June  11,  1897,  vol.  89,  p.  216;  also  Proc.  Boy.  Inst, 
Land.,  1897,  vol.  xv.  p.  467. 
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expiaining  the  Maxconi  apparatus,  and  spoke  of  it  in  the  following 
terms : — 

"In  July  last  Mr.  Marooni  brought  to  England  a  new  plan.  Mr.  Marconi 
utilizes  electric  or  Hertzian  waves  of  very  high  frequency.  He  has  invented  a  new 
relay  which  for  sensitiveness  and  deHcacy  exceeds  all  known  electrical  apparatus. 
The  peculiarity  of  Mr.  Marconi's  system  is  that,  apart  from  the  ordinary  connect- 
ing wire  of  the  apparatus,  conductors  of  very  moderate  length  only  are  needed, 
and  even  these  can  be  dispensed  with  if  reflectors  are  used." 

Testifying  to  its  practicability  as  a  telegraphic  method,  Sir  William 
Preece  said — 

**  Excellent  signals  have  been  transmitted  between  Penarth  and  Brean  Down, 
near  Weston-super-Mare,  across  the  Bristol  Channel,  a  distance  of  nearly  nine 
miles.    On  Salisbury  Plain  Mr.  Marconi  covered  a  distance  of  four  miles." 


'^'vv\'vmwv\\W 


Trcmamitting  station. 


Beceiving  station. 


Fig.  1. — Marconi's  Apparatus  for  Wireless  Telegraphy  in  1896.  B,  battery; 
I,  induction  coil;  S,  spark  balls;  K,  sending  key;  E,  earth  plate;  Kj,  K^, 
kites  upholding  aerial  wires;  G,  coherer;  B,  relay;  M,  Morse  printing 
instrument;  Bj,  B^,  batteries. 

As  regards  the  means  used,  it  was  stated  that  up  to  a  distance  of 
four  miles  a  6-inch  spark  coil  sufficed,  but  for  greater  distances  a 
20-inch  spark  coil  had  been  employed.  In  these  experiments  the 
method  with  reflecting  mirrors  was  tried,  but  the  chief  part  was 
carried  out  by  connecting  one  terminal  of  the  coherer  and  the  spark 
coil  secondary  circuit  respectively  to  earth,  and  each  of  the  other 
terminals  to  nearly  vertical  wires  upheld  by  masts,  these  wires  termi- 
nating sometimes  in  metal  plates  or  cylinders,  or  else  the  wires  were 
upheld  by  balloons  or  kites  covered  with  tinfoil  in  the  manner  shown 
in  diagram  in  Fig.  1. 
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This  testimony  on  the  part  of  Sir  William  Preece  at  once  attracted 
great  attention.  It  was  seen  that  Marconi  had  given  a  new  form  and 
very  exalted  powers  to  the  Hertzian  radiator.  His  long  elevated  wire 
upheld  by  the  kite  or  mast  corresponded  to  one  wing  of  Hertz's 
oscillator,  whilst  the  earth  plate  was  the  other.  The  induction  coil 
charged  the  elevated  wire,  and  when  the  spark  jumped  across  the 
balls,  the  sudden  discharge  set  up  oscillations  m  that  wire  and  radiated 
from  it  an  electric  wave.  At  the  receiving  station  this  wave  fell  upon 
the  aerial  wire,  and  by  cutting  across  it  created  in  the  wire  high 
frequency  alternating  electromotive  force  and  electric  oscillations. 
These  oscillations  passing  through  the  coherer  changed  its  conduc- 
tivity and  enabled  the  local  cell  to  send  a  small  current  through  the 
relay  and  operate  the  Morse  printer.  The  ingenious  tapping  arrange- 
ments kept  the  coherer  constantly  in  a  receptive  condition,  so  that  if 
the  key  at  the  transmitting  station  was  operated  in  Morse  fashion  the 
shorter  or  longer  group  of  sparks  made  at  the  spark  balls  was  indicated 
by  a  short  or  long  mark  on  the  Morse  inker. 

The  evidence  at  this  date  all  goes  to  show  that  the  highest  autho- 
rities on  the  subject  admitted  the  novelty  of  Marconi's  telegraphic 
method  and  appliances. 

One  technical  paper,  The  Electrician  (London),  after  a  column  and 
a  half  of  editorial  comment  on  the  Preece  lecture,  ended  by  saying — 

"  Meanwhile  we  wish  Mr.  Marooni,  his  apparatus  and  experiments,  all  possible 
success,  if  only  because  the  evolution  from  Maxwellian  equations  and  Hertzian 
vibrations  of  a  thoroughly  practical'  system  of  telegraphy  will  prove  an  excellent 
object  lesson  on  the  value  of  pure  research."  ' 

Sir  William  Preece,  at  the  conclusion  of  his  lecture,  combated  the 
contention,  which  appears  to  have  been  raised,  that  Mr.  Marconi  had 
done  nothing  new,  and  said  (Joe,  cit,] 


"  He  has  not  discovered  any  new  rays ;  his  receiver  is  based  on  Branly's  coherer. 
Columbus  did  not  invent  the  egg,  but  he  showed  how  to  make  it  stand  on  its  end, 
and  Marconi  has  produced  from  known  means  a  new  electric  eye  more  delicate 
than  any  known  electrical  instrument,  and  a  new  system  of  telegraphy  thai  will 
reach  places  hitherto  inaccessible.  .  .  .  Enough  has  been  done  to  prove  and 
show  that  for  shipping  and  lighthouse  purposes  it  wiU  be  a  great  and  valuable 
acquisition.'* 

The  news  of  these  successful  demonstrations  spread  abroad  and 
excited  great  interest.  Amongst  those  who  had  been  giving  attention 
to  the  utilization  of  Hertzian  waves  was  the  late  Dr.  Slaby,  at  that 
time  a  Professor  in  the  Technical  High  School  at  Charlottenburg, 
Berlin,  and  he  at  once  hurried  to  England  to  discover  how  Marconi 
had  solved  a  problem  that  had  hitherto  bafSed  him  (Professor  Slaby). 

After  seeing  and  assisting  in  the  experiments  across  the  Bristol 
Channel,  Professor  Slaby  wrote  a  magazine  article  on  ''  The  New 
Telegraphy,"  ®  and  made  the  following  remarks  : — 

"  In  January,  1897,  when  the  news  of  Marconi's  first  successes  ran  through  the 
newpapers,  I  myself  was  earnestly  occupied  with  similar  problems.  I  had  not 
been  aole  to  telegraph  more  than  one  hundred  metres  through  the  air.    It  was  at 


•  See  Editorial  Notes,  The  Electrician,  vol.  89,  p.  208. 

•  See  Dr.  A.  Slaby  on  "  The  New  Telegraphy,"  The  Century  Magazine,  April, 
1898,  vol.  65,  p.  867. 
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once  olear  to  me  that  Marconi  must  have  added  something  else — something  new 
— to  what  was  already  known,  whereby  he  had  been  able  to  attain  to  lengths 
measured  by  kilometres.  Quickly  making  up  my  mind,  I  travelled  to  England, 
where  the  Bureau  of  Telegraphs  was  undertaking  experiments  on  a  large  scale. 
Mr.  Preeoe,  the  celebrated  engineer-in-ohief  of  the  General  Post  Office,  in  the 
most  courteous  and  hospitable  way,  permitted  me  to  take  part  in  these ;  and  in 
truth  what  I  there  saw  was  something  quite  new.  Marconi  nad  made  a  discovery. 
He  was  working  with  means  the  entire  meaning  of  which  no  one  before  him  had 
recognized.  Only  in  that  way  can  we  explain  the  secret  of  his  success.  In  the 
English  professional  journals  an  attempt  has  been  made  to  deny  novelty  to  the 
method  of  Marconi.  It  was  urged  that  the  production  of  Hertz  rays,  their  radia< 
tion  through  space,  the  construction  of  his  electrical  eye — all  this  was  known 
before.  True ;  all  this  had  been  known  to  me  also,  and  yet  I  was  never  able  to 
exceed  one  hundred  metres. 

''In  the  first  place,  Marconi  has  worked  out  a  clever  arrangement  for  the 
apparatus  which  by  the  use  of  the  simplest  means  produces  a  sure  technical 
result.  Then  he  has  shown  that  such  telegraphy  (writing  from  afar)  was  to  be 
made  possible  only  through,  on  the  one  hand,  earth  connection  between  the 
apparatus  and,  on  the  other,  the  use  of  long  extended  upright  wires.  By  this 
simple  but  extraordinarily  effective  method  he  raised  the  power  of  radiation  in 
the  electric  forces  a  hundredfold/' 

The  two  and  a  half  yearis  between  June,  1896,  and  December,  1898 
were  occupied  by  Marconi  with  numerous  public  demonstrations  of 
the  utility  of  his  system  of  wireless  telegraphy.  Space  cannot  be 
afforded  for  a  detailed  history,  but  the  general  facts  are  as  follows  : — 

The  autumn  of  1896  was  occupied  with  experiments  carried  out 
before  representatives  of  the  British  Government  Postal  Telegraph 
Department,  and  communication  was  established  over  a  distance  of 
2  miles.  Tests  were  also  carried  out  in  the  presence  of  the  Navy 
and  Army  representatives  (Captain  Jackson,  B.N.,  and  Major  Garr, 
E.B.),  on  Salisbury  Plain,  during  the  month  of  March,  1897,  when 
transmission  over  a  distance  of  eight  miles  was  demonstrated.  In 
May,  1897,  the  experiments  already  described,  between  Penarth  and 
Weston-super-Mare,  were  made  across  the  Bristol  Channel,  a  distance 
of  nine  miles.  In  July,  1897,  Marconi  undertook  demonstrations  for 
the  Italian  Government  at  Spezzia,  in  Italy,  and  covered  a  distance 
of  12  miles  between  warships.  Communication  was  then  set  up  by 
him  between  Alum  Bay,  in  the  Isle  of  Wight,  and  Bournemouth, 
England,  a  distance  of  about  14  miles  over  sea,  and  the  working  of 
the  system  was  inspected  by  the  author,  in  April,  1898.  Marconi 
was  at  that  time  using  as  the  transmitter  a  10-inch  spark  induction 
coil,  and  a  discharger  consisting  of  four  balls  of  brass,  each  about 
2  inches  in  diameter,  spaced  slightly  apart  in  an  ebonite  frame. 

One  of  the  outer  bails  was  connected  by  a  thick  wire  to  an  earth 
plate,  and  the  other  outer  ball  by  a  wire  to  an  insulated  strip  of  wire 
netting  about  120  feet  in  length,  which  was  upheld  by  an  ebonite 
insulator  attached  to  a  sprit  hauled  up  to  the  top  of  a  120-foot  mast 
(see  Fig.  2).  These  balls  were  also  in  connection  with  the  secondary 
terminals  of  the  induction  coil,  and  the  four  brass  discharge  balls 
were  set  with  air  gaps  about  ^  inch,  or  5  to  6  mm.,  long  between  the 
balls.  In  the  primary  circuit  of  the  induction  coil  was  placed  a 
massive  Morse  key  with  heavy  platinum  contacts.  Marconi  had 
at  that  time  abandoned  the  use  of  the  Bighi  discharger  with  balls 
in  oil.  The  receiver  used  was  exactly  as  already  described.  With 
this  apparatus  telegraphic  messages  were  sent  in  Morse  code  at  about 
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a  rate  of  12  to  16  five-letter  words  per  minute.  The  working  of  this. 
Isle  of  Wight  to  Bournemouth  plant  was  inspected  by  many  notable 
men,  e.g.  Lord  Tennyson,  Lord  Kelvin,  and  others ;  and  Lord  Kelvin 
gave  practical  expression  to  his  opinion  that  it  was  already  in  a 
commercial  condition  by  paying  for  a  message  sent  by  him  to  Sir 
William  Pjreece  at  the  General  Post  Office,  London,  on  June  3, 1898. 

In  May,  1898,  communication  was  established  for  the  Corporation 
of  Lloyds  between  Bally  castle  and  the  Lighthouse  on  Rathlin  Island 
in  the  North  of  Ireland,  the  distance  being  7*5  miles. 

In  July,  1898,  the  Marconi  telegraphy  was  employed  to  report 
the  results  of  yacht  races  at  the  Kingstown  Eegatta  for  the  Duhlin 
Express  newspaper.  A  set  of  instruments  were  fitted  up  in  a  room  at 
Kingstown,  and  another  on  board  a  steamer,  the  Flying  Huntress. 
The  aerial  conductor  on  shore  was  a  strip  of  wire  netting  attached  to 


Transmitting  station. 


Receiving  etation. 


Fia.  2.— Marconi's  Apparatus  for  Wireless  Telegraphy  as  used  in  1896-98. 
Aj,  A(,  strips  of  wire  netting  constituting  the  antennae,  upheld  by  insulators 
at  the  top  of  masts.  The  remaining  letters  refer  to  apparatus  as  mentioned 
under  Fig.  1. 

a  mast  40  feet  high,  and  several  hundred  messages  were  sent  and 
correctly  received  during  the  progress  of  the  races.  The  distances 
were  from  5  to  20  miles. 

At  that  time  His  Boyal  Highness,  the  then  Prince  of  Wales, 
had  the  misfortune  to  injure  his  knee,  and  was  confined  on  board 
the  royal  yacht  Osborne  in  Gowes  Bay.  Mr.  Marconi  fitted  up  his 
apparatus  on  board  the  royal  yacht  by  request,  and  also  at  Osborne 
House,  Isle  of  Wight,  and  kept  up  wireless  communication  for  three 
weeks  between  these  stations.  The  shore  mast  was  105  feet  high, 
and  the  wire  on  board  the  yacht  83  feet  high.  The  distances  covered 
were  small ;  but  as  the  yacht  moved  about,  on  some  occasions  high 
hills  were  interposed,  so  that  the  aerial  wires  were  overtopped  by 
hundreds  of  feet,  yet  this  was  found  to  be  no  obstacle  to  communication. 

The  success  of  these  demonstrations  led  the  Corporation  of  Trinity 
House  to  afford  an  opportunity  for  testing  the  system  in  actual 
practice  between  the  South  Foreland  Lighthouse,  near  Dover,  and  the 
East  Goodwin  Lightship,  on  the  Goodwin  Sands.     This  installation 
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.  was  set  in  operation  on  December  24,  1898,  and  proved  to  be  not 
only  most  successful,  but  of  the  greatest  practical  value.  It  was 
shown  that  when  once  the  apparatus  was  set  up  it  could  be  worked 
by  ordinary  seamen  with  very  little  training. 

At  the  end  of  1898  electric. wave  telegraphy  had  thus  been 
established  by  Marconi  on  a  practical  basis.  He  had  depionstrated 
its  utihty,  especially  for  communication  between  ship  and  ship  and 
ship  and  shore.  A  work  which  could  not  be  accomplished  by  any 
other  system.io 

It  had  been  shown  that  the  advantages  were  as  follows : — 

(i)  It  worked  as  well  by  night  as  by  day,  and  in  bad  weather, 
fogs,  or  storms,  as  well  as  in  fair  weather ;  provided  that  the  proper 
insulation  of  the  aerial  wire  or  elevated  conductor  was  maintained. 

(ii)  In  certain  electrical  conditions  of  the  atmosphere,  and  during 
thunderstorms,  some  difficulty  was  usually  found  in  working,  owing 
to  the  atmospheric  discharges  affecting  the  sensitive  tube,  and  there- 
fore making  stray  marks  on  the  Morse  tape  of  the  printer,  but  seldom 
sufficient  to  interrupt  communication  altogether. 

(iii.)  The  interposition  of  high  hills,  trees,  or  the  curvature  of  the 
earth  did  not  prevent  communication,  though  slightly  affecting  the 
power  required.  It  worked  particularly  well  over  sea  surface,  and 
between  ships  and  shore  stations. 

(iv.)  The  apparatus  could  be  set  up  and  handled  by  any  ordinary 
telegraphist,  and  the  record  was  made  on  paper  strip  in  the  usual 
Morse  code. 

(v.)  It  easily  covered  distances  far  beyond  those  feasible  or  attained 
by  other  systems  of  wireless  telegraphy. 

(vi.)  Lastly,  the  apparatus  required  was  by  no  means  costly,  and, 
with  the  exception  of  the  mast  required  for  upholding  the  aerial  wire, 
it  occupied  but  little  space,  and  was  particularly  adapted  for  use  on 
board  ship. 

The  general  appearance  of  the  collected  sending  and  receiving 
apparatus  required  inside  the  station  or  cabin  is  shown  in  Fig.  10. 

3.  Hapconi's  ImproTements  in  1898  and  1899. — Marconi  was 
desirous  of  working  over  still  greater  distances  than  those  already 
covered,  but  the  difficulties  of  erecting  masts  for  elevating  the  aerial 
conductor  beyond  a  certain  height  were  considerable.  A  mast  100 
or  120  feet  high  is  a  comparatively  simple  thing  to  set  up.  It  can  be 
erected  in  three  sections,  and  the  aerial  wire  can  be  supported  by 
insulators  from  a  cross  sprit  at  the  top  (see  Fig.  3). 

At  the  beginning  of  1899,  masts  120  to  140  feet  high  were  em- 
ployed, and  an  aerial  wire  consisting  of  a  stranded  copper  wire  7/20 
or  7/22  (generally  an  indiarubber  insulated  wire)  was  used.  Very 
often  a  cylinder  of  wire  netting  was  attached  at  the  top  or  insulated 
end,  and  sometimes  two  or  more  aerial  wires  in  parallel  were  used. 
The  insulators  were  round  rods  of  ebonite,  about  24  inches  long  and 
1  inch  in  diameter.  When  using  simple  wires  and  the  receiving  and 
transmitting  apparatus  of  the  1896-1898  type,  Marconi  had  found 
that  the  maximum  distance  which  could  be  covered  seemed  to  increase 

^^  A  sominary  of  his  work  on  wireless  telegraphy  up  to  the  heginning  of  1899 
is  given  in  a  paper  read  by  Mr.  Marconi  to  the  Institution  of  Electrical  Eingineers 
on  March  2,  1899.    See  Journal  of  the  Inst.  Elec,  Eng.,  1899;  vol.  28,  p.  273. 
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in  proportion  to  the  square  of  the  height  of  the  aerial  wire,  ao  that 
with  aerials  100  feet  high  at  each  end  the  maximum  working  distanoe 
was  four  timeB  that  obtained  with  aerials  50  feet  high. 

He  introduced,  however,  at  this  date  an  improvement  into  his 
receiving  arraDgements  which  had  the  result  of  incraasing  its  sensitive- 
Dess.  Instead  of  inserting  the  sensitive  metallic  filings  tube  or 
cymoscope  directly  between  the  earth  plate  and  the  bottom  of  the 


B*  kiml  ixnuiuien  «/  ISc  JAin«i  WinUu  TcUurai*  CbMpany. 
Fia.  a.— The  Haven  Hotel,  SaodbaukB,  Poole.'ond  the  Wirelotut  Telegraph  Mast 
At  this  alation  much  oi  Mr.  Mareoni'H  research  work  on  wicelosit  telegraphy 
was  carried  out  between  1S98  and  1908. 

receiving  aerial  wire,  an  oscillation  transformer  of  a  particular  form 
was  interposed  (see  Fig.  4). 

In  considering  the  production  of  stationary  electric  oscillations  in 
wires  in  Chap.  IV,,  it  has  been  explained  that  if  a  vertical  wire  is  sot 
up  with  its  lower  end  iu  connection  with  ao  earth  plate,  then  when 
the  fundamental  oscillation  is  set  up  in  the  wire  we  have  a  node  of 
potential  and  an  antinode  or  maximum  of  current  at  the  lower  or 
earthed  end  of  the  aerial. 

If,  then,  we  cut  this  aerial  wire  near  the  earth  and  insert  a 
coherer  between  the  earth  plate  and  the  aerial  wire,  the  production 
of  oscillations  in  the  wire  only  results  in  establishing  a  relatively 
smalt  differenco  of  potential  between  the  terminals  of  the  coherer. 
This  instrument  is,  in  fact,  being  employed  in  a  very  ineflScient 
manner,  and  inserted  in  the  wrong  place.  This  was  clearly  pointed 
out   by  A.   Slaby  who  also  suggested  a   way  of  overcoming  the 
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difficulty.  Marooni  adopted  the  better  plan  of  inserting  in  the  base 
of  the  aerial  wire  near  the  earth  the  primary  coil  of  a  small  air  core 
transformer,  J,  of  a  pecuhar  kind,  the  secondary  terminals  of  which 
were  connected  to  the  sensitive  tube,  G  (see  Fig.  4).  In  this  manner 
the  large  cmrent  existing  near  the  base  of  the  aerial  was,  so  to  speak, 
transformed  into  high  voltage  for  use  at  the  terminals  of  the  coherer. 
To  do  this  effectively,  however,  requires  a  special  form  of  transformer. 
Lodge  had  previously  suggested  in  a  British  patent  specification  the 
employment  of  a  transformed  oscillation  for  affecting  the  coherer  so 
that  it  was  operated  by  secondary  oscillations,  and  not  directly  by 
those  in  the  receiving  rods.^^    Lodge,  however,  gave  no  details  of 


To  Morse 
printer  and 
local  battery. 


-\\\\\m\\\y 


FiQ.  4. — A,  receiving  antenna,  or  aerial  wire,  with  capacity  plate  at  summit ; 
J,  jigger,  or  oscillation  transformer ;  0,  coherer,  or  sensitive  tube  ;  E,  earth 
plate ;  R,  relay ;  B,  relay  cell ;  K,  K,  choking  coils. 

construction,  and  from  the  diagram  in  his  specification  it  is  impossible 
to  determine  the  dimensions  and  the  nature  of  the  circuits  suitable 
for  making  a  transformer  which  will  be  operative  in  any  given  case. 
Marconi  discovered,  after  innumerable  experiments,  the  proper  form 
to  give  to  such  an  oscillation  transformer,  and  particularly  described 
it  in  patent  specifications  and  lectures-. 

Marconi's  oscillation  transformer,  or  "  jigger,"  in  one  form  con- 
sists of  a  glass  tube  about  1  cm.  in  diameter  and  4  to  8  cms.  in 
length.  On  this  is  wound  a  primary  circuit  consisting  of  a  length  of 
silk-covered  copper  wire,  which  may  vary  in  diameter,  according  to 
circumstances,  from  No.  26  to  No.  40  S.W.G.  This  coil  is  put  on  in 
one  layer,  or  in  two  or  more  layers,  which  may  be  joined  in  parallel 
or  in  series. 

11  See  Lodge's  British  Patent,  No.  11,576,  of  1897. 
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The  total  length  of  primary  wire  may  be  from  3  to  20  feet  or 
more,  but  is  determined  by  the  aerial  iised.  The  secondary  circuit  is 
wound  over  the  primary,  and  is  generally  a  silk-covered  copper  wire 
of  size  No.  36  or  No.  40  S.W.G.  It  may  have  a  length  Of  100,  150, 
or  even  1000  feet  or  more,  according  to  the  wave  length  used.  It 
was  asserted  to  be  an  advantage  to  wind  this  secondary  circuit  in  a 
peculiar  manner,  not  putting  it  on  in  level  layers,  but  bouncing  it  in 
sections,  each  layer  in  each  section  consisting  of  a  smaller  number  of 
turns  than  the  preceding  and  inner  layer.  This  mode  of  winding  is 
indicated  in  the  diagrams  in  Fig.  5,  which  are  half-sections  of  various 
oscillation  transformers,  the  thick  black  lines  standing  for  layers  of 
primary  wire  and  the  thinner  lines  for  layers  of  secondary  wire. 

This  mode  of  winding  the  jigger  in  layers  of  gradually  decreasing 
number  of  turns  was  later  on  foimd  not  to  be  of  any  real  utility 


Fig.  5. — Half-sectional  Diagrams  illustrating  Various  Early  Forms  of  Jigger,  or 
Receiving  Oscillation  Transformer,  used  by  Marconi.  The  fine  zigzag  lines 
denote  layers  of  silk-covered  wire,  and  the  crossed  line  is  the  section  of  one 
side  of  a  glass  tube  on  which  the  wire  is  wound. 

and  was  abandoned  in  favour  of  a  more  simple  form  of  cylindrical 

winding.    The  matter  of  practical  importance  is  the  ability  to  alter 

M 
at  pleasure  the  coupling  of  the  two  circuits,  viz.  the  quantity -^^  ^> 

where  M  is  the  coefficient  of  mutual  inductance  of  the  two  circuits 
and  L  and  N  their  self  inductances.  Hence  in  more  modem  types 
of  jigger  or  oscillation  transformer  the  coils  ai*e  so  arranged  that 
their  distances  or  coupling  can  be  altered.  If  both  coils  are  wound 
on  cylindrical  formers  or  tubes,  one  can  be  slid  into  or  out  of  the 
other.  If  they  are  wound  as  flat  spirals  they  can  be  fixed  to  two 
hinged  boards  or  otherwise  arranged  so  as  to  vary  their  distance. 

In  a  third  British  Patent  Specification  (No.  25,186,  of  December  19, 
1898)  Marconi  described  an  additional  improvement.  He  divided  the 
secondary  circuit  into  two  parts,  and  separated  their  inner  ends  by  a 
small  condenser  ys  made  of  paraffined  paper  and  tinfoil  sheets.  The 
outer  ends  of  the  secondary  circuit  were  connected  to  the  sensitive 
tube  or  coherer,  T,  and  the  inner  ends  of  its  two  sections  were  con- 
nected through  two  choking  coils  to  the  relay  or  local  telegraphic 
instrument  (see  Fig.  6).  The  reason  for  this  construction  is  that  the 
outer  ends  of  the  secondary  circuit  are  potential  antinodes  or  loops. 
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and  by  joining  in  the  local  or  relay  cirouit  in  the  centre  of  the 
secondary  circuit,  as  shown,  less  interference  is  produced  in  the 
amplitude  of  the  potential  variation  at  the  tube  terminals  than  if 
the  relay  circuit  was  connected  to  these  terminals,  as  previously 
the  case. 

In  this  specification  Marconi  gave  details  of  the  windings  of  two 
''jiggers''  suitable  for  working  with  sending  and  receiving  aerials 
140  feet  high,  the  transmitting  system  being  the  simple  aerial  directly 
connected  to  one  secondary  spark  ball  of  an  induction  coil  as  already 
described. 

'*  The  specification  for  these  transfonnerB 
is  as  follows :  The  f oUowixig  are  the  details 
of  the  coil  shown  in  Fig.  7.  The  primaiy 
is  wound  on  a  core  0*6  cm.  in  diameter, 
and  consists  of  100  turns  of  copper  wire 
0*087  cm.  (No.  28  S.W.G.)  in  diameter, 
insulated  with  single  silk  covering  and 
coated  with  paraffin  wax.  The  secondary 
is  of  copper  wire  0-019  cm.  (No.  36  S.W.G.) 
in  diameter,  insulated  with  single  silk 
covering,  and  is  wound  over  the  primary, 
conunencing  in  the  middle  and  in  the  same 
sense  as  the  primary.  Each  half  of  the 
secondary  is  in  layers  of  the  following 
numher  of  turns :  first  layer,  77 ;  second, 
49 ;  third,  46 ;  fourth,  43 ;  fifth,  40 ;  sixth, 
87;  seventh,  84;  eighth,  31;  ninth,  28; 
tenth,  25;  eleventh,  22;  twelfth,  19;  thir- 
teenth, 16;  fourteenth,  13;  fifteenth,  10; 
sixteenth,  7 ;  seventeenth,  3 ;  making  500 
in  all." 


Fig.  6. — Arrangement  of  Apparatus 
in  Marconi  licceiver  for  Electric 
Wave  Telegraphy.  A,  antenna ; 
£,  earth  wire ;  T,  sensitive  tube, 
or  cymoscope  ;  j\  j*,  circuits  of 
jigger ;  J',  condenser  in  centre  of 
jigger  secondary ;  c*,  c*,  choking 
coils;  U,  relay;  B,  relay  battery. 

same  sense  as  the  primary.    Each 
in  a  single  layer." 


The  following  are  the  details  of 
another  coil  described  in  the  same 
patent  specification : — 

*'  The  primary  wound  on  a  core  2*5  cms. 
in  diameter  consists  of  50  turns  of  copper 
wire  0-07  cm.  (No.  22  S.W.G.)  in  diameter, 
insulated  with  single  silk  covering.  The 
secondary  is  of  copper  wire  0*005  cm.  (No. 
47  S.W.G.)  in  diameter,  insulated  by  a  single 
silk  covering,  and  is  wound  over  and  in  the 
half  of  the  secondary  consists  of  160  turns 


The  inventor  points  out  that  the  best  results  are  obtained  when 
the  secondary  circuit  of  the  oscillation  transformer  has  a  total  length 
equal  to  that  of  the  transmitting  aerial.  This,  however,  must  be 
understood  to  apply  to  the  form  of  simple  transmitting  aerial  up  to 
that  time  used.  We  shall  consider  more  particularly  in  another 
chapter  the  general  physical  theory  of  these  oscillation  transformers. 

A  large  varieity  of  forms  of  receiving  oscillation  transformer  have 
at  various  times  been  employed  by  Marconi,  and  it  forms  a  very 
important  element  in  his  system.  In  order  to  secure  good  results,  or, 
in  fact,  any  result  at  all,  the  length  of  the  secondary  circuit  of  this 
receiving  oscillation  transformer  must  bear  a  certain  relation  to  the 
length  of  the  wave  used. 
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The  types  of  oscillation  transformer  the  details  of  which  are  given 
above  were  found  to  be  suitable  for  working  with  a  wave  length  of 
about  600  or  700  feet,  corresponding  to  an  aerial  140  feet  in  height, 
when  the  transmitting  arrangements  were  as  already  described.  If 
the  oscillation  transformer,  or  jigger^  is  not  wound  to  suit  the  wave 
length  employed,  so  far  from  being  a  benefit,  it  prevents  any  signals 
being  received  at  all. 

The  employment  of  a  properly  designed  oscillation  transformer  in 
the  receiving  aerial  was,  however,  found  by  Marconi  to  increase  very 
considerably  the  range  of  working  of  the  apparatus  when  using  the 
receiving  arrangement  comprising  the  metallic  filings  tube  as  already 
described.  Hence,  towards  the  end  of  1898  he  was  able  to  attempt 
wireless  telegraphy  over  still  greater  distances  than  he  had  been  able 
previously  to  accomplish. 


J 

Fia.  7. — Half-section  of  Jigger,  as  used  in  Receiver  shown  in  Fig.  6.    j^,  jigger 
primary  circuit ;  j',  jigger  secondary  circuit ;  j'*,  jigger  condenser. 

4.  Mapconi's  English  Channel  Experiments  in  1899. — Just 
before  Easter,  1899,  Marconi  obtained  from  the  French  Government 
permission  to  erect  a  mast  for  vnreless  telegraph  experiments  at 
Wimereux,  near  Boulogne,  in  France,  and  a  corresponding  mast  was 
erected  at  the  South  Foreland  Lighthouse,  near  Dover,  on  the  coast 
of  England.  The  distance  of  these  stations  from  one  another  was 
32  miles  (50  kilometres). 

The  apparatus  for  sending  and  receiving  was  erected  in  a  small 
room  in  the  South  Foreland  Lighthouse  on  the  English  side  of  the 
Channel,  and  on  the  French  side  in  the  Chalet  d'Artois,  at  Wimereux 
(see  Fig.  8). 

The  aerial  vdres  were  single  stranded  copper  wires  150  feet  long, 
insulated  with  indiarubber,  and  upheld  at  the  top  by  ebonite  rods  as 
insulators.  As  soon  as  the  plant  was  complete  Marconi  transmitted 
messages,  on  March  27,  1899,  across  the  English  Channel,  and  sent 
communications  in  this  manner  from  Wimereux  to  numerous  scientific 
friends  in  England.  The  result  was  to  create  an  immense  public 
interest  in  the  achievement  all  over  the  world.  Up  to  that  moment 
wireless  telegraphy  by  electric  waves  had  attracted  only  a  very  limited 
general  attention ;  but  the  bridging  of  the  English  Channel  by  electric 
waves  was  one  of  those  sensational  feats  which  at  once  aroused  the 
daily  press  to  lively  comment  on  the  matter.  The  author,  after 
spending  some  time  in  examining  the  apphances  and  working,  wrote 
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a  letter  to  the  Times,  published  on  April  3, 1899,  part  of  which  was 
as  follows : — 


J  make  eiperimente 


ei/ kind  [itrmi4ilim  0/ IA»  Jfammi  Wii-chn  Tdtgraph  dmpoiijr,  LW. 

Fio.  8.— MoBt  and  Antenna 

whence  the  first  nirelesa  mesBogea  n 
March,  1899,  by  Mr.  Marconi. 

and  IraDBinit  meaaages  from  the  station  there  estabUshed  both  to  Franoe  and  to 
the  lightship  on  the  Goodwin  Sands,  which  is  equipped  for  sending  and  receiving 
either  wave  signals.  Throughout  tlie  period  of  my  visit,  messagea,  signals,  con- 
gratulations, and  jokes  were  freely  eiehan^ed  between  the  operators  sitting  on 
either  side  of  the  Channel,  and  automatical;  printed  down  in  telegraphic  code 
signalson  the  ordinary  paper  slip  at  the  rate  of  twelve  to  eighteen  words  a  minute. 
Not  ones  was  there  the  slightest  difficulty  or  delay  in  obtaioing  an  Instant  re^y 
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to  a  signal  sent.  No  familiarity  with  the  subject  removes  the  feeling  of  vague 
wonder  with  which  one  sees  a  telegraphic  instrument  merely  connected  with  a 
length  of  150  feet  of  copper  wire  run  up  the  side  of  a  flagstaff  begin  to  draw  its 
message  out  of  space  and  print  down  in  dot  and  dash  on  the  paper  tope  the  intelli- 
gence ferried  across  80  miles  of  water  by  the  mysterious  ether. 

**  The  apparatus,  moreover,  is  ridiculously  simple  and  not  costly.  With  the 
exception  of  the  flagstaff  and  150  feet  of  vertical  wure  at  each  end,  he  can  place  on 
a  small  kitchen  table  the  appliances,  costing  not  more  than  £100  in  all,  for  com- 
municating across  dO  or  even  100  miles  of  channel.  With  the  same  simple  means 
he  has  j^laced  a  lightship  on  the  Goodwins  in  instant  communication,  day  and 
night,  with  the  South  Foreland  Lighthouse.  A  touch  on  a  key  on  board  the  light- 
ship suffices  to  ring  an  electric  bell  in  the  room  at  South  Foreland,  12  miles  away, 
with  the  same  ease  and  certainty  with  which  one  can  summon  the  servant  to  one's 
bedroom  at  an  hotel.  An  attendant  now  sleeps  hard  by  the  instruments  at  South 
Foreland.  If  at  any  moment  he  is  awakened  by  the  bell  rung  from  the  lightship, 
he  is  able  to  ring  up  in  return  the  Ramsgate  lifeboat,  and,  if  need  be,  direct  it  to 
the  spot  where  its  services  are  required,  within  a  few  seconds  of  the  arrival  of  the 
call  for  help.  In  the  presence  of  the  enormous  pracucal  importance  of  this  feat 
alone,  and  of  the  certainty  with  which  communication  can  now  be  established 
between  ship  and  shore  without  costly  cable  or  wire,  the  scientific  criticisms  which 
have. been  launched  by  other  inventors  against  Signer  Marconi's  methods  have 
failed  altogether  in  their  appreciation  of  the  practical  significance  of  the  results 
he  has  brought  about. 

*'Up  to  the  present  time  none  of  the  other  systems  of  wireless  telegraphy 
employing  electric  or  magnetic  agencies  has  been  able  to  accomplish  the  same 
results  over  equal  distances.  Without  denying  that  much  remains  yet  to  be 
attained,  or  that  the  same  may  not  be  effected  in  other  ways,  it  is  impossible  for 
any  one  to  witness  the  South  Foreland  and  Boulogne  experiments  without  coming 
to  the  conclusion  that  neither  captious  criticism  nor  official  lethargy  should  stand 
in  the  way  of  additional  opportunities  being  afforded  for  a  further  extension  of 
practical  experiments.  Wireless  telegraphy  will  not  take  the  place  of  telegraphy 
with  wires.  Each  has  a  special  field  of  operations  of  its  own,  but  the  public  have 
a  right  to  ask  that  the  fullest  advantage  shall  be  taken  of  that  particular  service 
which  ether  wave  telegraphy  can  now  render  in  promoting  the  greater  safety  of 
those  at  sea,  and  that,  in  view  of  our  enormous  maritime  interests,  this  country 
shall  not  permit  itself  to  be  outraced  by  others  in  the  peaceful  contest  to  apply 
the  outcome  of  scientific  investigations  and  discoverie(|  in  every  possible  direction 
to  the  service  of  those  who  are  obliged  to  face  the  penis  of  the  sea.  If  scientific 
research  has  forged  a  fresh  weapon  with  which  in  turn  to  fight  nature, '  red  in 
tooth  and  claw,'  all  other  questions  fade  into  insignificance  in  comparison  with 
the  inquiry  how  we  can  take  the  utmost  advantage  of  this  addition  to  our 
resources." 

Although  many  scientific  men  at  that  time  refused  to  admit  that 
these  cross-Channel  experiments  were  indications  of  the  utility  of  the 
Marconi  telegraphy,  some  of  the  remarks  in  the  author's  letter  to  the 
Times  just  quoted  received  singular  confirmation  a  few  dayd  later. 
During  a  dense  fog  on  the  Channel  on  April  28,  1899,  a  steamer,  the 
R,  F.  Matthews  J  outward  bound,  ran  into  the  East  Goodwin  Lightship 
and  inflicted  serious  damage.  The  lightship,  however,  being  provided 
with  the  Marconi  apparatus,  was  able  to  communicate  at  once  with 
the  station  at  South  Foreland  Lighthouse,  and  tugs  and  a  lifeboat 
were  sent  out  immediately  from  Bamsgate  to  the  assistance  of  the 
lightship.  But  for  this  timely  aid  the  hghtship  would  most  probably 
have  sunk.  These  demonstrations  were  continued  uninterruptedly 
during  the  year  1899. 

Li  the  autumn  of  that  year  the  British  Association  held  its  annual 
assembly  at  Dover.  This  meeting,  taking  place  just  a  hundred  years 
after  the  date  of  Volta's  epoch-making  invention  of  the  Voltaic  pile, 
was  made  the  occasion  of  certain  celebrations.     The  author,   by 
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request,  delivered  an  evenitig  dlBcoutse  od  "  The  CenteDary  of  the 
Electric  Current "  before  the  British  Aasociation  in  the  Town  Hall, 
Dover. ^^    At  his  suggestion  a,  mast  hod  been  erected  on  the  tower 


Pro.  9.— Mast  and  Matconi  Aerial  Wire  erected  on  the  Tower  of  Town  H»ll, 
Dover,  Augaet,  1B99,  ior  Reception  >of  Messages  from  France  during  the 
Meeting  of  the  BritiBb  Association  in  September, 

for  the  purposes  of  wireless  telegraphy  (see  Fig.  9).  The  Marooni 
apparatus  was  set  up  on  the  lecture  table  and  placed  in  direct 
communication  with  the  South  Foreland  Lighthouse  (4  miles),  with 

"  S«eThe  EUctrician,  vol.  48,  p.  76*,  1898. 
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Wimereux,  in  France  (33  miles),  and  with  the  East  Goodwin  Light- 
ship (12  miles)  (see  Fig.  10). 

During  the  lecture  messages  were  sent  to  the  President  of  the 
French  Association  for  the  Advancement  of  Science  (M.  Brouardel), 
then  meeting  at  Boulogne,  and  numerous  messages  exchanged  with 
the  South  Foreland  station  and  the  East  Goodwin  Lightship.  Sub- 
sequently messages  were  sent  from  Wimereux,  in  France,  and 
received  directly  at  a  Marconi  station  established  at  Chelmsford,  in 
England,  a  distance  of  85  miles,  of  which  30  miles  were  over  sea 
and  55  miles  over  land.  The  height  of  aerials  at  both  stations  was 
150  feet. 

In  the  same  year,  the  interest  of  the  public  being  greatly  aroused 
over  the  races  for  the  International  Gup  between  British  and  American 
yachts,  Mr.  Marconi  went  over  to  the  United  States  and  employed 
his  apparatus  and  system  of  telegraphy  between  a  ship  and  the  shore, 
for  reporting  the  results  of  the  races  during  their  progress,  for  the 
New  York  Herald  newspaper.  Over  four  thousand  words  were 
transmitted  in  less  than  a  total  of  five  hours'  work  done  on  different 
days. 

A  more  important  application  was,  however,  made  in  July  and 
August,  1899,  during  the  naval  manoeuvres  of  the  British  Navy. 
Three  vessels  of  the  Beserve  Squadron  were  fitted  v/ith  the  apparatus, 
and  most  important  evolutions  were  carried  out  by  orders  given  by 
Marconi  wireless  telegraphy.  Two  cruisers  {Juno  and  Europa)  were 
equipped,  and  in  some  cases  important  orders  and  information  were 
transmitted  instantly  85  miles.  A  full  account  of  the  result  obtained 
was  published  by  Commander  S.  Statham,  B.N.13  In  this  work  the 
value  of  the  oscillation  transformer  in  the  receiving  aerial  was  fully 
demonstrated,  and  also  the  fact  that  the  curvature  of  the  earth  seemed 
in  no  way  to  interfere  with  the  transmission  of  the  electromagnetic 
waves  radiated  from  the  aerials  even  over  great  distances.  These 
demonstrations  assisted  to  establish  electric  wave  wireless  telegraphy 
both  for  naval  and  mercantile  marine  purposes  on  a  firm  basis. 

Contracts  with  large  transatlantic  shipping  companies,  and  agree- 
ments with  the  Corporation  of  Lloyd's  for  establishing  coast  stations, 
and  regular  and  permanent  services  of  wireless  communication 
between  ship  and  ship  and  ship  and  shore,  were  soon  after  made 
by  Marconi's  Wireless  Telegraph  Company,  Limited. ^^ 

By  the  end  of  1900  the  new  supermarine  wireless  telegraphy  had 
taken  an  unassailable  position  as  an  essential  aid  to  navigation, 
commerce,  and  naval  operations. 

5.  The  ETolution  of  Byntonio  Wireless  Telegraphy,  1897- 
1901. — From  the  very  commencement  of  practical  electric  wave 
telegraphy  it  was  recognized  that  some  means  must  be  found  for 
limiting  the  receptivity  of  wireless  telegraph  stations.    The  simple 

^'  See  article  in  the  Army  and  Natfy  Illustrated,  August,  1900 ;  also  a  Friday 
Evening  Discourse  at  the  Boyal  Institution  by  G.  Marconi,  February  2,  1900, 
Proc.  Boy,  Inat.y  vol.  xvi.  No.  94,  p.  251. 

i«  The  Wireless  Telegraph  and  Signal  Company,  Limited,  was  registered  on 
Jnly  20, 1897,  with  a  capital  of  £100,000,  to  work  the  Marconi  system  of  wireless 
telegraphy  and  manufacture  the  Marconi  apparatus.  In  1900  the  name  was 
changed  to  that  of  Marconi's  Wireless  Telegraph  Company,  Limited. 
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form  of  wave-detecting  arrangement,  first  used  by  Marconi  before 
he  introduced  the  peculiar  osciUation  transformer  just  described,  is 
sensitive  to  electric  waves  varying  very  considerably  in  wave  length ; 
in  fact,  a  single  electromagnetic  impulse,  or  so-called  solitary  wave, 
if  strong  enough,  will  afifect  it.  Hence  atmospheric  electrical  dis- 
charges and  stray  or  vagrant  waves  sent  out  by  any  source  are  readily 
picked  up  by  it. 

Several  distinct  problems  here  present  themselves.  In  the  first 
place,  we  may  desire  to  make  any  given  receiving  station  normally 
responsive  only  to  electromagnetic  waves  of  one  particular  wave 
length.  In  the  next  place,  we  may  wish  to  render  that  station  proof 
against  deliberate  attempts  to  hinder  communication  by  throwing  on 
to  it  violent  vagrant  or  disturbing  waves.  Thirdly,  we  may  want  to 
prevent  foreign  stations  from  picking  up  messages  not  intended  for 
them  which  are  being  sent  out  from  some  transmitter,  and  intended 
only  for  some  particular  receiving  station. 

The  first  problem  is  an  easier  one  to  solve  than  the  second  and 
third.  We  shall  defer  to  a  later  section  the  consideration  of  the 
different  practical  solutions  which  have  been  offered  of  these  problems, 
and  confine  ourselves  here  to  a  bnef  mention  of  the  work  done  between 
1897  and  1900  on  this  subject. 

Almost  immediately  after  the  application  by  Marconi  for  his  first 
patent  for  electric  wave-telegraphy.  Sir  Oliver  Lodge,  who  as  we 
have  seen  had  devoted  himself  strenuously  to  Hertzian  wave  research, 
applied  for  and  obtained  a  British  patent  (No.  11575  of  1897)  for 
"Improvements  in  Syntonized  Telegraphy  without  Line  Wires." 
This  patent  proved  subsequently  to  be  a  fundamental  one  in  con- 
nection with  this  subject.  Lodge  clearly  recognized  that  to  place 
electric  wave  or  radiotolegraphy  on  a  practical  basis  the  transmitter 
and  receiver  must  be  syntonized  to  each  other  or  made  to  have  the 
same  natural  time-period  of  free  electric  oscillations.  Under  these 
conditions  oscillations  would  be  set  up  in  the  receiving  circuits  by 
the  impact  of  the  waves  sent  out  from  the  corresponding  transmitting 
station,  but  would  not  be  set  up  by 
those  of  different  and  non-identical 
frequency.  He  also  saw  that  the 
oscillations  in  the  transmitter  must 
therefore  be  feebly  damped  so  that 
each  train  of  oscillations  must  com- 
prise a  large  number  of  oscillations. 
Hence  each  train  of  waves  falling 
on  the  receiver  would  be  able  by 
the  cumulative  effect  of  its  many 
impulses  to  set  up  oscillations  in 
the  receiving  circuits  having  con- 
siderable amplitude.  He  therefore 
devised  apparatus  for  conducting 
syntonic  wireless  telegraphy  as  follows : — 

His  radiator  consisted  of  a  pair  of  '*  capacity  areas,'*  or  triangular- 
shaped  metal  plates,  h,  h'  (see  Fig.  11),  separated  by  a  spark  gap,  but 
having  an  inductance  coil,  generally  shown  as  a  spiral  of  a  few  turns, 
interposed.     In  some  cases  this  radiator  was  to  be  used  horizontally, 

2  Q 


^iG.  11. — Lodge's  Wing-ahaped  An- 
tenD8B  for  Electric  Wave  Telegraphy. 
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and  in  other  cases  vertically.  In  this  last  case  the  lower  metal 
wing  or  area  might  be  connected  to  the  earth,  or  partly  buried  in 
the  earth,  and  the  upper  wing  extended  by  connection  to  an  insulated 
plate. 

Lodge  asserted  that  this  form  of  radiator  was  capable  of  persistent 
or  long-sustained  oscillations,  suitable,  therefore,  for  effecting  syntonic 
telegraphy.  He  was  well  aware,  and  states  {loc,  cU.,  p.  2,  Ime  53), 
that  unless  the  radiator  provides  these  sustained  trains  of  waves,  no 
true  syntonic  action  is  possible.  A  part  of  the  specification  is  taken 
up  with  descriptions  of  methods  of  charging  electrically  these 
oscillators.  The  receiving  arrangement  was  to  consist  of  a  pair  of 
capacity  areas  (one  of  which  might  be  the  earth)  similar  to  the 
transmitter,  but  containing  in  its  circuit  a  Branly  coherer,  consisting 
of  a  tube  of  metallic  filings  with  a  "  clock,  or  a  tuning  fork,  or  a  cog 
wheel,  or  other  device  "  mounted  on  the  stand  of  the  coherer  to  cause 
a  tremor  of  sufficient  intensity.  This  vibrator  or  decoherer  was 
evidently  to  be  maintained  continuously  in  action.  In  some  cases 
the  coherer  was  inserted  in  the  secondary  circuit  of  *'  a  species  of 
transformer,''  the  primary  of  which  was  in  the  circuit  of  the  collect- 
ing wings,  but  no  detailed  instructions  are  given  for  making  this 
oscillation  transformer  or  properly  relating  the  lengths  of  its  circuit 
and  its  turns  to  the  capacity  and  inductances  of  the  collecting  circuit. 
Without  this  adjustment  the  oscillation  transformer  is  a  detriment 
rather  than  an  advantage. 

Early  in  1900,  Marconi  applied  for  a  British  patent  (No.  7777  of 
April  26, 1900),  in  which  appliances  were  described  for  conducting 
syntonic  telegraphy  as  well  as  simultaneous  multiplex  telegraphy 
with  single  aerials. 

Some  mention  of  these  advances  was  made  by  the  author  in  a 
letter  published  in  the  Times  of  October  4, 1900,  in  which  the  results 
of  certain  remarkable  denonstrations  given  in  the  previous  month 
were  described.  Reference  was  also  made  to  them  in  Cantor  lectures 
on  **  Electric  Oscillations  and  Electric  Waves,"  given  by  the  author 
to  the  Society  of  Arts  in  November  and  December,  1900 ;  and  they 
were  subsequently  more  fully  discussed  in  a  paper  read  to  the  Soiciety 
of  Arts  by  Mr.  Marconi  on  May  16,  1901,  entitled  "  Syntonic  Wire- 
less Telegraphy."  i^ 

The  particulars  of  the  apparatus  described  in  the  above-mentioned 
specification  of  Marconi  are  as  follows : — 

At  the  transmitting  end  the  original  arrangement  of  an  aerial 
wire  connected  to  one  spark  ball  of  the  induction  coil,  the  other  being 
earthed  (now  called  a  plain  aerial),  was  exchanged  for  an  aerial  con- 
sisting of  a  pair  of  inductively  coupled  circuits.  A  condenser,  usually 
taking  the  form  of  a  battery  of  Leyden  jars,  had  one  terminal  con- 
nected to  one  spark  ball  of  an  induction  coil,  and  the  other  to  the 
primary  circuit  of  an  oscillation  transformer.  The  opposite  terminal 
of  this  transformer  circuit  was  joined  to  the  second  spark  ball. 
These  spark  balls  were  placed,  as  usual,  in  connection  with  the 
secondary  terminals  of  an  induction  coil.  The  secondary  circuit  of 
this  oscillation  transformer  was  inserted  between  the  aerial  wire  and 

^*  See  Journal  of  tlie  Society  of  Arts^  issue  for  May  17, 1901,  vol.  49,  p.  505. 
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the  earth  plate,  and  an  adjustable  inductance  coil  included  in  the 
circuit  (see  Pig.  12). 

The  oBciUatibn  transformer  is  constructed  as  follows :  It  consists 
of  a  square  wooden  frame,  wound  over  with  a  number  of  lengths  of 
highly  insulated,  thick-stranded  copper  cable  joined  in  parallel,  so  as 
to  make  a  primary  circuit  of  one  turn  of  extremely  low  resistance. 
In  some  cases  two  or  more  tiurns  may  be  employed.  Over  this  is 
wound  a  secondary  circuit  of  5  to  10  turns,  and  the  oscillation  trans- 
former is  usually  immersed  in  a  vessel  of  highly  insulating  oil.    This 


Fia.  12. — Arrangement  of  Tranfimitting  Apparatus  in  Marconi  System  of  Syntonic 
Wireless  Telegraphy.  A,  antenna;  L,  tuning  inductance;  E,  earth  plate; 
p,  9,  oscillation  transformer  or  jigger ;  C,  condenser;  S,  spark  halls ;  I,  induc- 
tion coil ;  B,  battery ;  K,  sending  key.  > 

secondary  circuit  is  joined  in  between  the  aerial  and  the  earth,  a 
variable  inductance  being  interposed.  When  in  position  the  oscilla- 
tion transformer  forms  an  inductive  coupling  between  two  circuits — 
one  a  nearly  closed  oscillation  circuit  of  large  capacity  and  small 
inductance,  and  the  other  an  open  oscillation  of  much  smaller  capacity 
and  greater  inductance. 

These  circuits  are  more  or  less  closely  *'  coupled  "  by  varying  the 
distance  between  the  primary  and  secondary.  By  the  adjustment 
of  the  variable  inductance  inserted  between  the  earth  plate  and  the 
secondary  circuit  of  the  oscillation  transformer,  and  by  variation  of 
the  capacity  of  the  condenser  in  the  primary  circuit,  the  two  circuits 
are  brought  into  resonance  with  each  other.  When  oscillations  are 
set  up  in  the  closed  circuit  by  the  discharge  of  the  condenser,  the 
energy  stored  up  in  the  Leyden  jars  is  gradually  drawn  ofif  and  radiated 
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by  the  open  circuit.  The  closed  circuit  thus  forms  a  reservoir  of 
energy,  and  it  is  in  itself  a  slightly  damped  circuit  or  persistent 
oscillator.  The  open  circuit  is  a  good  radiator,  and  is  kept  supplied 
with  energy  by  the  reservoir.  Hence  we  have  a  much  more  per- 
sistent train  of  oscillations  set  up  in  the  aerial  at  each  discharge  than 
would  be  the  case  if  the  only  storage  of  energy  were  that  due  to  the 
small  capacity  of  the  aerial.  The  important  matter,  however,  is  the 
proper  "  tuning  "  of  the  two  coupled  circuits.  This  can  be  effected 
in  several  ways : — 

One  plan  is  to  employ  a  hot-wire  voltmeter  which  is  connected  to 
two  points  on  the  circuit  of  the  earth  wire  leading  from  the  secondary 
circuit  of  the  oscillation  transformer  to  the  earth  plate.  When 
oscillations  are  set  up  in  the  aerial,  there  is  a  difference  of  potential 
between  these  points,  and  the  needle  of  the  hot-wire  voltmeter  makes 
a  more  or  less  steady  deflection.  This  reading  depends  not  only 
upon  the  maximum  value  of  the  oscDlatory  current  during  each  train 
of  oscillations,  but  upon  the  logarithmic  decrement,  and  upon  the 
number  of  groups  of  oscillations  which  take  place  per  second.  If 
the  spark  gap  remains  the  same  length,  and  the  number  of  spark  dis- 
charges per  second  is  kept  constant,  then  any  change  in  the  capacity 
of  the  condenser  in  the  primary  circuit  or  in  the  inductance  of  the 
aerial  circuit  will  make  this  voltmeter  reading  either  greater  or  less. 
We  then  make  some  small  change  in  one  of  these  factors,  say  the 
condenser  capacity,  such  that  the  voltmeter  reading  is  slightly 
increased.  We  then  continue  in  the  same  direction  until  the  volt- 
meter reading  begins  to  decrease  again.  In  this  manner  we  can  tell 
approximately  when  we  have  given  such  value  to  the  capacity  that  the 
current  in  the  aerial  is  a  maximum  for  a  given  spark  length  and  spark 
frequency.  This  indicates  that  the  two  coupled  oscillation  circuits 
are  approximately  in  syntony.  Another  method  is  to  alter  the 
inductance  in  series  with  the  aerial  and  secondary  circuit  of  the 
osciUation  transformer  until  the  maximum  potential  difference 
between  terminals  of  this  secondary  circuit  is  reached,  as  evidenced 
by  the  spark  discharge  between  them  being  of  the  greatest  possible 
length.. 

For  the  purposes  of  this  test,  a  sliding  ball  discharger,  highly 
insulated,  with  means  for  easily  altering  the  distance  of  the  balls,  is 
joined  across  the  secondary  terminals  of  the  transformer. 

A  third  method  is  to  hold  a  rectangle  of  wire  near  the  lower  part 
of  the  aerial,  the  rectangle  having  inserted  in  it  a  vacuum  tube,  pre- 
ferably one  containing  rarefied  neon.i<^  If  the  rectangle  is  placed 
with  one  side  parallel  to  and  near  the  aerial,  the  oscillatory  currents 
induced  in  it  will  cause  the  vacuum  tube  to  glow.  We  now  alter 
either  the  inductance  or  capacity  in  either  of  the  circuits,  and  notice 
whether  the  tube  glows  at  a  greater  or  less  distance  from  the  aerial, 
and  so  proceed  to  make  small  changes  until  we  have  succeeded  in 
making  the  tube  glow  at  the  greatest  possible  distance  from  the  aerial. 
This  indicates  that  we  have  produced  the  maximum  oscillation  of 

^*  The  advantages  of  using  rarefied  neon  m  a  vacuum  tube  as  a  means  of 
detecting  electrical  osciUations  were  first  pointed  out  by  the  author  in  a  paper 
read  to  the  British  Association  in  1904.    See  PhiL  Mag.,  October,  1904,  p.  419. 


THE   APPARATUS  OF   KADIO-TELEGRAPHY 


597 


current  in  the  aerial.  The  spark  length  and  spark  frequency  must, 
of  course,  remain  unchanged  during  the  test.^^ 

Turning  next  to  the  receiver,  the  diagram  of  connections  of 
Marconi's  syntonic  receiver  is  shown  in  Fig.  13. 

A  is  the  aerial  wire,  which  may  or  may  not  be  terminated  in  a  plate 
or  cylinder,/,  At  the  foot  of  this  aerial  is  an  adjustable  inductance, 
gy  and  this  is  connected  to  an  earth  plate,  E,  through  the  primary 


Fig.  18.—  ^rnuigeiiient  of  Receiving  Apparatus  in  the  early  Marconi  System  of 
Syntonic  Wireless  Telegraphy.  A,  antenna;  £,  earth  plate;  9^,  9*,  tuning 
inductance  ;  i^.j',  jigger ;  j^,  jigger  condenser ;  c^,  c*,  choking  coils ;  T,  sensi- 
tive tube,  or  coherer ;  R,  relay ;  B,  battery. 

circuit,  yi,  of  an  oscillation  transformer.  The  terminals  of  this  trans- 
former are  connected  by  a  small  sliding  condenser,  h.  The  secondary 
circuit, /2,  of  this  transformer  is  cut  in  the  middle,  and  a  condenser,/^, 
inserted.  The  outer  terminals  of  the  secondary  circuit  are  connected 
through  two  small  variable  inductances,  g^  and  g^^  with  the  terminals 
of  the  sensitive  tube,  T,  and  are  also  connected  by  an  adjustable  con- 
denser, h\  From  the  terminals  of  the  middle  condenser, /&,  proceed 
two  wires,  which  pass  through  choking  coils,  C^  and  C^,  and  include 

^'  Another  and  more  effective  means  is  to  employ  the  author's  cymometer  to 
make  a  measurement  of  the  oscillation  constant  of  the  open  and  closed  circuit 
respectively,  and  then  to  adjust  the  circuits  so  that  they  have  the  same  oscillation 
constant.    See  Chap.  VI.  {  16. 


598  THE    APPARATUS   OF   RADIO-TELEGRAPHY 

the  relay,  R,  and  local  cell,  B,  for  working  the  relay.  The  Morse 
inker  or  other  telegraphic  instrument  and  associated  battery  con- 
nected to  the  relay  are  omitted  from  the  diagram.  The  oscillation 
transformer,  or  jigger,  placed  in  this  receiving  arrangement  bad  its 
secondary  circuit  wound  as  already  described  in  Marconi's  three 
British  Specifications,  No.  12,326  of  1898,  and  Nos.  6982  and  25,186 
of  1899  (see  §  3  of  this  chapter). 

To  syntonize  the  receiver  with  itself  and  with  the  transmitter,  the 
two  circuits,  viz.  the  open  circuit,  comprising  the  receiving  aerial,  and 
the  closed  circuit,  comprising  the  secondary  circuit  of  the  oscillation 
transformer,  and  the  inductances  g^  and  g"^,  and  the  condensers /3  an 
h*  in  series  with  it,  must  be  adjusted  so  that  this  open  and  closed 
circuit  are  in  resonance  with  each  other,  and  have  the  same  natural 
time  period  as  the  transmitter  circuits  intended  to  correspond  with 
them.  These  different  frequencies  are  technically  termed  the  Vfurious 
tunes^  and  the  operation  of  putting  the  circuits  into  syntony  or  reso- 
nance is  called  tuning  the  receiver  and  transmitter  to  themselves  and 
to  each  other. 

In  his  British  Patent  Specification,  No.  7777  of  1900,  Marconi  gives 
the  details  for  nine  tunes.  For  example,  one  tune  he  calls  No.  7,  and 
he  gives  the  particulars  of  the  transmitter  and  receiver  as  follows : — 

The  transmitting  aerial  consists  of  four  vertical  stranded  7/22 
copper  wires,  each  48*6  ms.  long,  connected  together  at  the  top  or  in- 
sulated end,  but  kept  apart  throughout  their  length  by  being  suspended 
from  the  arms  of  a  wcJoden  cross,  each  arm  of  which  is  4  ms.  long. 

The  capacity  in  the  primary  of  the  oscillation  circuit  consists 
of  a  number  of  Leyden  jars  in  parallel,  having  a  total  capacity  of 
0-016  mfd. 

The  oscillation  transformer  consists  of  a  square  wooden  frame, 
the  side  of  which  is  30*48  cms.,  or  12  inches,  in  length,  wound  over 
with  a  primary  circuit  of  one  turn,  the  total  length  of  the  primary 
being  150  cms.  The  secondary  circuit  consists  of  six  turns  of  insu- 
lated wire  wound  on  the  same  frame,  three  turns  on  each  side  of  the 
primary.  These  two  circuits  are  made  of  highly  insulated  indiarubber- 
covered  stranded  copper  cable,  and  the  transformer,  when  made,  is 
immersed  in  a  vessel  of  highly  insulating  oil. 

The  oscillation  transformer  in  the  receiver  has  a  secondary  circuit 
consisting  of  73-15  ms.  of  single  silk-covered  copper  wire,  No.  40 
S.W.G.,  wound  in  one  layer  on  a  glass  tube  5  cms.  in  diameter.  The 
secondary  is  divided  at  its  middle  point.  There  are  two  primary 
circuits,  each  consisting  of  2-75  ms.  of  copper  wire  0*7  mm.  in 
diameter,  wound  on  tubes  6*5  cms.  in  diameter.  The  two  primaries 
are  placed  over  the  two  sections  of  the  secondary  circuit,  and  are 
joined  in  parallel.  Another  tune  he  calls  No.  8,  and  gives  particulars 
as  follows  : — 

The  transmitting  aerial  consists  of  a  single  stranded  7/22  copper 
wure  48  ms.  long. 

The  condenser  in  the  primary  circuit  of  the  transmitter  consists 
of  one  or  more  Leyden  jars  having  a  total  capacity  of  0*007  mfd. 
The  oscillation  transformer  in  the  transmitter  has  a  primary  circuit 
consisting  of  ten  insulated  wires,  each  1*5  ms.  in  length,  wound  once 
round  a  square  frame,  the  size  of  which  is  30  cms.,  the  ten  wires 
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being  joined  in  parallel.  The  secondary  circuit  consists  of  48*64  ms. 
of  insulated  wire,  wound  over  the  primary  in  16  layers,  the  first  or 
inner  layer  having  nine  turns,  the  second  eight  turns,  the  remainder 
seven,  six,  five,  and  two  turns  respectively. 

The  oscillation  transformer  in  the  corresponding  receiver  has  a 
secondary  circuit  consisting  of  48-64  ms.  of  single  silk-covered  copper 
wire  0-37  mm.  in  diameter,  wound  on  a  tube  9*6  cms.  in  diameter  in 
one  layer  and  cut  at  its  middle  point,  to  insert  the  condenser.  The 
primary  is  3*64  ms.  long,  made  of  wire  0*7  mm.  in  diameter,  wound 
symmetrically  over  the  middle  portion  of  the  secondary  circuit  in  one 
layer. 

In  both  cases  the  receiving  aerial  is  identical  with  the  transmitting 
aerial.  Marconi  states  that  these  two  tunes  give  good  signals  over 
distances  of  190  miles. 


<Mm^ 


^^^^^^ 


^ 


Transmitting  station. 


Receiving  station. 


Fig.  14. — Arrangement  of  Transmitting  and  Receiving  Apparatus  in  Marconi 
System  of  Multiple  Syntonic  Wireless  Telegraphy. 

The  invention  of  the  above-described  apparatus  enabled  Marconi, 
in  the  summer  of  1900,  to  conduct  and  exhibit  duplex  wireless  tele- 
graphy by  sending  and  receiving  simultaneous  messages  from  one 
and  the  same  aerial. 

The  arrangements  at  the  sending  and  receiving  ends  were  as 
shown  in  Fig.  14.  At  the  transmitting  end  the  two  transmitters  are 
connected  to  the  same  aerial  wire,  and  each  transmitter  is  operated 
independently  by  its  own  key.  Two  sets  of  waves  are,  therefore, 
radiated  from  the  aerial,  one  which  we  may  call  the  A  wave,  and  the 
other  the  B  wave. 

At  the  receiving  end  two  receiving  sets  are  also  connected,  as 
shown,  to  one  and  the  same  aerial,  and  when  the  adjustments  are 
properly  made,  one  of  these  receivers  responds  only  to  the  A  wave, 
and  the  other  only  to  the  B  wave.  Hence  the  transmitters  may  be 
set  to  work  simultoneously,  and  simultaneous  but  different  messages 
received  on  the  two  transmitters. 


i 
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6.  General  Ppinciples  of  Electric  Wave  or  Radiotelegraphy. 

— Having  sketched  in  bare  outline  as  above  described  the  initial 
inventions  in  connection  with  radiotelegraphy,  it  will  be  to  the 
advantage  of  the  student  to  depart  from  the  strict  historical  develop- 
ment of  the  subject  and  to  group  the  information  to  be  given  under 
headings  determined  by  the  function  and  nature  of  the  appliances 
used  in  radiotelegraphy  rather  than  to  attempt  to  place  inventions  in 
chronological  order. 

The  remarkable  achievements  of  Marconi  in  connection  with  the 
invention  of  a  method  of  wireless  telegraphy,  far  exceeding  in  utility 
and  promise  anything  previously  accomplished,  provided  a  powerful 
stimulus  to  innumerable  inventors  to  follow  in  his  steps.  Hence  in 
all  countries  an  army  of  workers  thraw  themselves  eagerly  into  this 
field.  Much  of  what  was  done  was,  in  course  of  time,  rendered  anti- 
quated by  fresh  inventions,  and  in  the  struggle  for  existence  the  non- 
useful  or  less  useful  inventions  fell  into  the  background.  It  is, 
therefore,  of  no  utility  at  the  present  time  to  occupy  the  pages  of 
a  new  edition  of  this  treatise  with  descriptions  of  apparatus  which 
has  ceased  to  be  used  more  than  is  necessary  to  explam  the  develop- 
ment of  the  art. 

Modem  radiotelegraphy  is  based  upon  the  production  and 
emission  of  a  particular  type  of  electromagnetic  waves  of  great  wave 
length  which  are  created  by  high  frequency  electric  oscillations  set 
up  in  an  arrangement  of  wires  called  an  aerial  or  antenna.  These 
waves  are  either  radiated  in  groups  called  wave  trains^  each  train 
consisting  of  a  series  of  waves  of  the  same  wave  strength  but 
gradually  decreasing  amplitude,  or  else  are  undamped  waves  of 
constant  amplitude  and  wave  length. 

In  the  first  case  we  are  concerned  not  only  with  the  oscillation 
frequency,  or  the  reciprocal  of  the  periodic  tune  of  each  separate 
oscillation,  but  with  the  group  frequency  or  number  of  wave  trains 
emitted  per  second.  To  create  intelligible  signals  these  groups 
of  waves,  or  the  continuous  stream  of  waves,  are  cut  up  into  other 
larger  groups  or  sections  of  two  magnitudes,  one  containing  more 
groups  or  waves  than  the  other.  These  waves  are  absorbed  by  the 
receiving  antenna,  and  caused  to  re-create  similar  but  feeble  electric 
oscillations  in  a  circuit  called  the  receiving  circuit,  and  their  energy 
is  in  turn  utilized  to  generate  some  form  of  visible  or  audible  or 
printed  signal  in  a  receiving  instrument. 

The  signals  are  made  on  the  International  Morse  or  other  code 
in  which  the  alphabet,  phrases,  or  numerals  are  indicated  by  collec- 
tions of  long  and  short  signals,  one  called  a  dot  and  the  other  a  daeh, 
grouped  in  various  ways  to  form  letters,  words,  and  numbers.  The 
telegraphic  alphabet  as  employed  in  the  British  Postal  Telegraph 
Service  and  also  in  wireless  telegraphy  is  the  International  Morse 
Code  as  follows.  The  unit  is  the  dot  signal,  which  may  either  consist 
in  a  short  mark  made  on  a  strip  of  paper,  Morse  telegraphic  tape,  or 
a  short  sound,  tick,  or  buzz  made  by  a  telephone  or  a  brief  deflection 
of  a  galvanometer  needle  or  spot  of  light.  A  dash  signnl  is  a  longer 
mark,  sound,  or  deflection,  equal  in  magnitude  or  duration  to  three 
dots.  A  dot  spof's  is  a  blank  equal  in  duration  to  a  dot,  left  between 
the  signs  forming  a  letter,  and  a  dash  space  is  a  blank  equal  in  duration 
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to  a  dash  left  between  letters  forming  ^a  word.     A  space  equal  to  five 
dots  is  allowed  between  words,  and  a  longer  space  between  sentences. 
The  following  signs  form  the  code : — 

The  International  Morse  Alphabet.' 

D— ■■-  E-— ■■ 

E    ■  S    ■■  ■ 

H    -■--  V    ■■-— ■ 

I    ••  W  •— 1  — 

The  Numerals. 
1..1  — —  —  6—1---- 

4  -•••—1  9  —  —  —  — - 

5 0— —  —  — — 

Bar  for  fractions  -i"  -  -  ^  - 


Signs. 
Understand  ■  ■  ■  mam  ■ 

Bepeat  -  -  -i"  -i"  -  ■ 
Go  on  ^  ^  - 
Wait  ■  ^  ■  ■  ■ 
CaH  Signal  ■  ■  ■  "i" 
A  full  stop  -  -    -  -    -  - 

A  hyphen  -i"  ■  ■  ■  ■  ^ 
An  apostrophe  -  ^  ^  ^  ^  - 
A  semicolon  -i"  ■  -i"  -  "i"  - 
A  note  of  interrogation  or  request  for  repetition  ) 
of  anything  not  understood  ) 

A  note  of  exclamation  ^  ^  ■  ■  ^  ^ 

Error  ■■■■■■■■■ 

End  of  transmission  -  "i"  ■  "i"  ■ 

End  of  message  -  -  ■  ^  ■  ^ 

Call  for  help  ) 

Ship  in  great  danger  ) 
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In  addition  to  the  International  Morse  Code  another  alphabet 
called  the  American  Morse  Code  is  in  use  in  the  United  States.  It  is 
as  follows : — 


.A 
B 
0 
D 
E 
F 
G 
H 
I 
J 
K 
L 
M 


The  American  Morse  Alphabet. 

--.  O 

P 
Q 
B 
S 
M.  T 

U 

V 

■  ^-  W 

■^  X 

Y 
Z 


Pull  stop  ■  ■ 
Interrogation 
Exclamation 


If,  therefore,  the  stream  of  continuous  waves  or  the  trains  of 
damped  waves  sent  out  from  the  transmitting  station  can  be  inter- 
mitted, that  is  started  and. stopped  at  pleasure  for  a  greater  or  lesser 
interval  of  time,  and  if  these  can  be  made  to  influence  some  recipient 
device  giving  visible  or  audible  signals  of  corresponding  duration,  we 
have  the  means  of  transmitting  the  words  of  any  language  which  is 
alphabetic. 

In  the  case  of  Chinese,  Japanese,  and  other  non-alphabetic 
languages,  the  ideographs  can  be  numbered,  and  the  numbers  trans- 
mitted and  then  translated. 

Generally  speaking,  if  the  signal  made  at  the  receiving  end  is 
visual,  the  receiver  is  called  telegraphic,  but  if  it  is  audible  and  heard 
in  a  telephone,  the  reception  is  called  telephonic.  There  is  no  true 
scientific  distinction  between  the  two  methods ;  the  telephone  when 
used  in  this  matter  is  a  telegraphic  instrument  of  a  particular  kind, 
making  an  audible  signal,  just  as  a  buzzer  or  Bright's  bell  are  other 
forms. 

The  signal  can,  of  course,  be  sent  in  ordinary  conversational 
words  or  in  code  words,  and  by  far  the  larger  portion  of  all  com- 
mercial and  naval  intelhgence  is  transmitted  by  special  code.  There 
are  considerable  advantages  in  the  reception  of  a  message  by  some 
form  of  receiver  which  prints  it  down  on  paper  tape,  or  records  it  by 
photography,  as  we  then  possess  a  record  which  subsequently  can 
be  critically  considered,  and  any  errors  or  obscurities  in  it  perhaps 
rectified  by  experienced  guessing,  whereas  the  failure  to  receive 
rightly  a  single  letter  or  word  on  the  telephonic  method  cannot  be 
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overcome  in  the  same  manner.  On  the  other  hand,  the  telephonic 
methods  generally  admit  of  greater  speed,  as  the  appeal  is  made 
directly  to  the  ear,  and  the  essential  inertia  or  delay  in  the  recording 
device  is  absent.  In  the  same  manner,  automatic  sending  by  means 
of  punched  tape  has  great  advantages  over  ordinary  hand  sending, 
in  speed,  spacing,  and  accuracy.  The  most  usual  obstacle  to  intel- 
ligibility is  bad  spacing  in  letters  and  words.  Great  precision  is 
necessary  to  secure  the  perfect  exactness  in  the  time  duration  of  the 
signs,  sounds,  or  deflections  which  constitutes  good  sending  on  the 
Morse  code.  Moreover,  each  hand  sender  has  his  own  peculiarities, 
and  can  be  recognized  by  these,  just  as  each  individual  has  his  own 
caligraphy.  Hence  the  advantages  of  automatic  sending  by  means 
of  punched  tape  are  considerable. 

The  transmitting  apparatus  involves  the  following  elements : — 

^i.)  The  radiator,  aerial  wire  or  antenna,  including  the  earth  plate 
or  else  the  balancing  capacity. 

(ii.)  The  arrangements  for  producing  the  electric  oscillations  in 
the  antenna,  either  intermittent  or  else  persistent  or  undamped. 

(iii.)  The  source  of  electromotive  force  or  charging  voltage. 

hv.)  The  key  or  controUer  for  starting  and  stopping  the  oscillations. 

At  the  receiving  station  the  apparatus  may  be  analyzed  into — 

(i.)  The  receiving  antenna  and  earth  plate  or  balancing  capacity. 

(ii.)  The  cymoscope  or  wave  detector  and  associated  oscillatory 
circuits. 

(iii.)  The  recording  or  signal  producing  instrument. 

Each  wireless  telegraph  station  is  equipped  with  sending  and 
receiving  apparatus,  whilst  the  antenna  is  usually  common  to  both, 
and  used  for  sending  and  receiving  alternately,  being  switched  over 
from  the  transmittor  to  the  receiver  as  required,  or  it  can  be  simul- 
taneously used  with  the  aid  of  special  appliances. 

We  shall  proceed  to  discuss  some  of  the  scientific  questions 
involved  in  the  working  and  construction  of  each  part  of  this 
apparatus. 

7.  The  Aerial  Wire  or  Antenna,  its  Construction  and  Support. 
— The  simplest  form  of  radiator  or  antenna  is  a  single  metallic  wire 
upheld  in  a  nearly  vertical  position  by  an  insulator  from  a  mast,  tower, 
or  chimney,  the  said  wire  being  either  bare  or  insulated.  As  regards 
material,  tinned  hard-drawn  copper,  phosphor-bronze,  or  aluminium 
wire,  bare  or  else  insulated  with  indiarubber,  is  generally  employed. 
The  wire  may  be  solid  or  stranded,  a  stranded  wire  of  tinned  copper 
7/20  or  7/22  S.W.G.  being  a  convenient  size.  Bare  steel  wire  cannot 
be  used,  as  its  magnetic  qualities  would  damp  out  the  oscillations 
too  quickly.  If,  however,  the  steel  is  thickly  galvanized,  it  may  be 
employed  on  an  emergency.  The  author  has  for  a  long  time  past 
made  use  of  aluminium  wire  for  antennae.  As  the  high  frequency 
oscillations  are  entirely  on  the  surface  of  the  wire,  specific  resistance 
does  not  come  in  question.  The  only  qualities  of  the  aerial  wire  with 
which  we  are  concerned,  other  than  magnetic  permeability,  are  tensile 
strength,  durability,  weight,  and  cost  per  pound  or  kilogramme. 
Since  the  specific  gravity  of  aluminium  is  2*7,  and  that  of  copper 
8'9,  a  given  size  and  length  of  copper  wire  will  weigh  rather  more 
than  three  times  jihat  of  a  similar  aluminium  wire. 
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The  teDsile  strength  of  pure  aluminium  is  5*27  tons  per  square 
inch,  and  that  of  hard  copper  is  about  15  tons  per  square  inch. 
Alloys  of  aluminium  are,  however,  now  prepared  having  nearly  the 
same  density  as  pure  aluminium,  but  a  tensile  strength  equal  to  that 
of  hard-drawn  copper.  The  prices  of  copper  and  aluminium  per  ton 
vary  from  year  to  year,  but  are  approximately  £80  to  £90  per  ton  for 
copper  and  about  £200  for  aluminium  at  the  present  date  (1916). 
Hence  an  aerial  wire  of  any  given  diameter  and  length  in  aluminium 
will  weigh  about  one-third  of  an  equal-sized  wire  in  copper.  Experi- 
ence -has  shown  that  if  galvanic  action  is  avoided  by  not  making 
contact  between  it  and  other  metals,  aluminium  will  stand  very  well 
the  action  of  town  or  sea  air. 

In  the  case  of  large  aerials  the  element  of  weight  is  im- 
portant, and  the  use  of  aluminium  or  alloys  of  aluminium  having 
a  density  not  exceeding  3  and  tensile  strength  not  less  than  20  tons 
per  square  inch,  as  material  for  the  aerial  wire,  will  be  found 
advantageous. 

The  aerial  wire  has  to  be  upheld  in  a  vertical  position,  and  the 
usual  method  is  to  suspend  it  from  a  mast  or  tower.  In  Marconi's 
earliest  experiments  he  employed  metal  cans  placed  hat-wise  upon 
wooden  poles  and  connected  by  a  wire  with  the  oscillation  producer. 
In  his  fundamental  patent  he  describes  metal  plates  suspended  from 
wooden  frames,  and  in  some  of  his  earliest  demonstrations,  as  in  his 
first  transatlantic  achievement,  he  employed  kites  and  balloons  to 
sustain  the  wire  (see  Fig.  1). 

The  next  improvement  was  to  erect  a  ship  mast  on  shore  and 
suspend  the  wire  from  a  sprit  or  gaff  at  the  top.  Marconi  em- 
ployed in  his  cross-Channel  work  between  England  and  France,  in 
1899,  150-feet  masts  in  three  sections,  strongly  stayed  with  hemp 
ropes.  For  his  earliest  work  at  Poldhu  and  Nova  Scotia,  200-feet 
masts  were  erected,  each  put  up  in  four  sections,  and  a  ring  of  such 
masts  was  used.  The  masts  were  supported  by  steel  wire  stays 
divided  into  sections  by  dead-eyes. 

Subsequently  wooden  lattice  towers  were  erected  strongly  stayed 
(see  Fig.  18),  but  these  have  since  been  replaced  by  the  Marconi 
Company  by  steel  tubular  masts.  In  some  stations  metal  lattice 
towers  are-  used  insulated  at  the  lower  end,  and  in  other  places,  as  at 
the  Marconi  station  at  Clifden,  in  Ireland,  wooden  masts  are  still 
employed. 

In  the  case  of  ships  or  lightships,  it  is  usual  to  add  a  gaff  to  the 
existing  masts  to  gain  greater  height.  In  some  cases  two  ga&  are 
used,  and  from  a  stay  between  the  aerial  wires  suspended.  This 
was  first  done  in  the  case  of  the  ItaHan  warship  Carlo  Alberto^  placed 
at  Mr.  Marconi's  disposal  by  the  Italian  Government  for  experimental 
purposes.  In  the  case  of  battleships  it  is  usual  to  add  a  special  gaff 
or  gafifs  to  the  masts  to  secure  greater  height  for  the  antenna. 

The  suf&cient  insulation  of  the  aerial  at  the  top  is  an  important 
matter.  It  was  at  first  customary  to  employ  a  simple  ebonite  rod 
attached  to  the  gaff,  from  the  lower  end  of  which  the  wire  was 
suspended.  Later  flanged  and  shielded  ebonite  rods  have  been 
employed.  The  author  has  designed  and  used  for  some  time  an 
effective  form  of  insulator  made  as  follows  :  A  thick  ebonite  tube,  E, 
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has  a  recQBs  turaed  out  at  the  top  (see  Fig.  15).    In  the  interior  of 
tbe  tube  a  bmsB  rod,  S,  fits  tightly,  tne  tipper  end  of  which  is  formed 
like  the  head  of  a  pin.     This  bead  bes  in  the  cupped  receae  of  the 
ebonite,  and  an  ebonite  plug,  P,  is  then  tightly  fitted  in  with  Cbatter- 
ton'B  compound.    The  ebonite  tube  is  gripped  outside  by  a  cross  b&r 
of  oak,  W,   which   oarrieB  also  a  brass  sus- 
pension loop,  L.    The  result  of  this  construe-  L 
tiou  is  that  the  ebonite  is  under  compresaional 
and  not  tensional  strain,  and  is  able  to  stand 
a  greater  pull   between   the  loop  and  eye  of 
tbe  pin. 

In  addition,  a  wider  metal  tube,  B,  is  fitted 
to  a  ring  embracing  the  ebonite  rod,  and  this 
tube  is  made  water-tight  at  tbe  upper  end  so 
that  tbe  metal  tube  acts  as  a  petticoat  to  keep 
the  ebonite  rod  dry.  The  lower  end  of  the 
brass  rod  is  formed  into  a  loop  to  which  tbe 
aerial  wire  is  attached,  and  the  ebonite  insu- 
lator is  suspended  from  the  gaS  of  tbe  mast. 
In  some  cases  a  chain  of  two  or  three  such 
insulators  can  be  employed.  Tbe  aerial  wire 
on  board  ship  sometimes  requires  tying  back  ^ 

to  keep  it  clear  of  rigging,  and  in  this  case  the 
tie-backs  or  stays  must  be  connected  to  insu- 
lators of  the  above  kind. 

Id  place  of  a  single  wire  antenna  two  or 
four  wires  may  be  employed,  arranged  in 
parallel  and  connected  at  the  ends  to  tbe  arms 
of  a  wooden  cross. 

Such  multiple  wire  aerials  may  take  several 
forms.  They  may  take  tbe  form  of  parallel  wire  or  cage-shaped 
or  else  fon-sbaped  conical  or  doubl«-oone  multiple  wire  aerials 
(see  Fig.  16). 


Fio.  Ifi. — Antenaa  In- 

aulator.  (PleminK^) 
£,  ebonite  tube;  F, 
abonite  plug ;  S,  brass 
pin:  W,  oftk  otobs 
bar:  B,  bell-ahapad 
metal  protaator;  L, 
guBpeoaion  loop. 


^  ^ 


FtS.  IG. — Varloua  Fomu  of  Antenna  used  in  EUctrio  Wave  Telegmpby.  a,  plain 
aerial  wire;  b,  wire  with  capacity  plate  at  top;  c,  multiple  wire  antenna ; 
d,  Ian-«baped  antenna;  c,  otkge  or  quadruple  wire  antenna;  /,  dooble  cone 
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Od  batUeahips  and  lai^e  liaers  the  aoteDDa  now  coasiste  of  a 
series  of  six  or  eight  parallel  wires,  which  are  kept  apart  by  star- 
shaped  wooden  separators.  This  sixfold  antenna  is 
stretched  from  mast  to  mast  on  insulators,  and  brought 
down  also  sometimes  fore  and  aft.  A  vertical  wire 
or  wires  connects  it  with  the  sienalline  cabin  (see 
Fig.  17). 

A  cone-shaped  antenna,  consisting  of  a  very  large 
number  of  wires,  was  originally  employed  in  the  first 
large  radio-telegraphic  stations  of  the  Marconi  Company 
at  Cape  Breton,  and  at  Cape  Cod  (see  Fig.  18) ;  but 
after  the  invention  by  Mr.  Marconi  of  the  bent  or 
directive  antenna,  partly  vertical  and  partly  horizontal, 
these  oone  antenne  have  been  replaced  by  antennn 
of  the  type  shown  in  Fig.  19,  which  have  the  peculiar 
property  of  projecting  radiation  more  strongly  in  the 
direction  away  from  which  the  free  end  pomts.  The 
theory  and  action  of  these  forms  of  directive  antenna 
will  be  considered  in  a  subsequent  section  (see  §  8). 

Lodge  si^geated  a  form  of  insulated  roof  antenna, 

in  which  a  metal  snriace  is  carried  on  insulators  placed 

Pig     17  —    **°  metal  or  wooden  supports.    An  effective  and  much 

SUr     or    ^^^  form  of  antenna  is  the  umbrella  antenna,  in  which 

Six  -  fold     a  number  of  nearly  vertical  wires  have  radial  extensions 

A°'«nQft     from  the  top  dipping   downwards    (see    Fig,   20).     The 

B^t^^h    ^v^ttii^^ '^' ^  multiple  antenna  is  that  it  has  a  larger 

Battle-    capacity,  and  therefore  yields  a  longer  wavelength,  than 

abips.  a  single  wire  of  the  same  length.    In  addition  to  this 

the  subdivision  and  separation  of  the  mass  of  the  antenna 

into  separated  portions  greatly  reduces  the  effective  inductance,  and 

BO  aids  the  increase  of  the  antenna  current. 

In  all  cases  the  mast  or  tower  has  to  be  supported  by  stays,  and 
if  these  are  made  of  steel  rope,  as  is  generally  the  case,  they  must  be 
cut  up  into  sections  by  means  of  insulators,  so  that  they  are  not  of 
nearly  the  same  length  as  the  antenna  wires  themselves,  or,  in  other 
words,  are  much  out  of  tune  with  the  antenna  wires  considered  as 
electrical  oscillators,  if  this  is  not  done  and  if  the  stay  wires  happen 
to  have  a  natural  period  of  electrical  oscillation  near  to  that  of  the 
waves  for  which  that  particular  station  is  tunod,  they  would  absorb 
a  good  deal  of  the  energy  of  these  waves  and  so  diminish  the  amount 
available  for  absorption  by  the  true  antenna. 

In  many  cases  forms  of  antenna  are  employed,  eonsiating  of  wires 
or  groups  of  wires  arranged  in  the  shape  of  the  letter  "p  or  of  the 
letter  |*  turned  on  its  side  so :  |~.  In  which  the  horizontal  part  is 
carried  between  two  masts  and  the  vertical  part  leads  to  the  signalling 
house. 

8.  GlaBBifloation  of  Antennee.  Open  and  Closed  CiFcuit 
AntennSB. — The  various  forms  of  antennie  used  may  be  classified 
according  to  certain  definite  principles.  We  have  first  the  general 
but  ill-defined  distinction  between  open  and  closed  antennae  already 
mentioned. 

The  typical  open  circuit  antenna  is  a  straight  wire  insulated  at 
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the  upper  end  aad  upheld  bo  as  to  etaDd  nearly  vertically  to  the 
earth's  sarface.  Id  it  electric  oacillationB  can  be  set  up  either  by 
charging  the  wire  and  suddenly  discharging  it  to  eartti,  as  in  the 
original  Marconi  method,  or  by  connecting  it  directly  or  inductively 
to  a  syntonic  nearly  closed  energizing'  circuit  in  which  oscillations 
are  established  by  the  arc  or  spark  method. 


By  ftrmii'ion  o/Ue  r'n^Ouri  qf  ••  Tlie  iltetncian," 
Flo,   18.— AlAcconi   lUdiotolegraphic  Station  at  Cape  Breton,  Nova  Scotia,  tor 
Transatlantic  WlrelesH  Telegraphy,  Bhowing  the  Antenna  Wires  as  at  first 
arraogad  In  the  [orm  of  a  Square  Cone  upheld  b;  Wooden  Lattice  Towers. 

This  open  oscillator  is  characterized  by  a  perfect  spacial  symmetry. 
The  magnetic  field  round  it  is  distributed  in  circles  with  their  centres 
on  the  wire  (see  Fig.  22),  and  the  lines  of  electric  force  lie  in  radial 
planes  iotersectuig  on  the  wire  as  shown  in  Chap.  V.  §  7.  Hence  it 
radiates  strongly  and  equally  in  all  directions.     It  has  therefore  a 
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large  radiation  decrement,  and  its  oscillations  will  be  damped  out 
quickly  unless  energy  is  continually  supplied  to  it  from  an  energizing 
circuit.     Such  an  oscillator  is  frequently  called  an  electric  oscillator. 


Fia.  19. — Marconi's  Bent  or  Directive  Antenna. 

In  comparison  with  this,  at  the  other  extreme  we  have  the  closed  or 
magnetic  oscillator^  in  which  a  nearly  closed  conductive  circuit  is 
interrupted  by  a  condenser  with  plates  near  together  and  at  most  by 


Fig.  20. — Umbrella  Antenna. 


a  short  spark  gap  (see  Figs.  21  and  23).  In  this  case  the  magnetic 
field  is  only  symmetrical  with  regard  to  the  plane  of  the  oscillator  but 
not  with  regard  to  a  vertical  line.     If  we  suppose  such  a  closed 


m//////Mm/M//W///m////m^ 


Pig,  21. — A  Closed  Circuit  Antenna. 


oscillator  placed  with  its  plane  vertical  and  to  be  traversed  by  a 
current,  then  if  at  any  instant  the  current  is  flowing  round  it  counter- 
clockwise the  internal  magnetic  field  will  be  directed  towards  the 
spectator  and  the  lines  will  double  back  and  outside  the  circuit  will 
be  directed  away  from  the  spectator,  thus  completing  their  circuit 
(see  Fig.  24).  If  we  represent  the  section  of  a  magnetic  line  of  force 
by  a  small  circle,  we  can  put  a  dot  in  the  circle  to  indicate  that  the 
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directioQ  of  the  force  is  towards  the  reader  and  a  cross  if  it  is  away 
from  the  reader,  and  in  the  diagram  in  Eig.  24  the  direction  is  so 
indicated  for  the  instant  when  the  current  in  the  antenna  is  in  the 
counter-clockwise  direction.    A  closed  circuit  when  traversed  by  a 
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Lines  of  Electric  Force  of  Linear 
Antenna. 


Fio.  22. 


Lines  of  Magnetic  Force  of 
Linear  Antenna. 


high  frequency  current  or  oscillation  gives  rise  not  only  to  magnetic 
but  to  electric  force  in  the  external  space  and  radiates  electromagnetic 
waves.  We  have  already  obtained  (see  §  13,  Chap.  Y.)  expressions 
for  the  electric  and  magnetic  forces  of  the  closed  or  magnetic  oscil- 
lator and  for  the  radiation  from  it,  hence  these  need  not  be  repeated. 
But  from  the  remarks  there  made  as  to  the  form  of  the  electric  and 


« 
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Fia.  33. — ^Nearly  dosed  Triangolar 
Antenna. 


Fia.  24.— Diagram  illustrating  the 
disposition  of  the  Magnetic 
Field  of  a  Closed  Antenna. 


magnetic  field  of  the  closed  oscillator  it  will  be  evident  that  its 
radiation  is  a  maximum  in  the  plane  of  the  oscillator. 

To  sum  up,  we  may  say  that  although  the  closed  circuit  antenna 
has  generally  less  radiative  power  and  less  radiation  decrement  than 
the  open  circuit  antenna,  yet  it  has  a  certain  asymmetry  of  radiation 
which  gives  it  importance  and  utility  in  radiotelegraphy.  Again,  we 
have  many  different  types  of  antenna  intermediate  between  the 
strai^t,  vertical  open  circuit  antenna  and  the  completely  closed 
antenna,  which  possess  in  intermediate  degree  the  useful  qualities  of 
both  open  and  closed  antenna.     For  instance,  a  straight  wire  antenna 
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inclined  to  the  surface  of  the  earth  or  a  wire  partly  vertical  and 
partly  horizontal  has  a  non-symmetriCal  radiative  power. 

9.  Bent  or  Inclined  Antennas. — A  theory  of  the  operation  of 
bent  or  inclined  antennaB  may  be  based  upon  the  assumption  that 
they  may  be  regarded  as  equivalent  to  the  conjunction  of  an  open 
or  electric  oscillator  and  a  completely  closed  or  magnetic  oscillator. 
Consider,  for  example,  a  square  or  rectangular  circuit  ABCD  (see 
Eig.  25),  in  which  electric  oscillations  are  taMng  place.  The  magnetic 
field  of  such  an  oscillator  consists  of  closed  hues  which  embrace  the 
circuit  of  the  oscillator.  These  lines  are  all  perpendicular  to  the 
plane  ABCD  in  crossing  that  plane,  and  if  the  current  is  in  any 
instant  going  round  in  the  same  direction  to  the  hands  of  a  watch, 
that  is,  in  the  direction  ABDC,  the  lines  of  magnetic  force  in  the 
included  space  are  proceeding  away  from  the  reader,  and  returning 
on  all  sides  outside  the  area  towards  the  reader. 

In  Fig.  25  the  small  circles  represent  the  section  of  a  pair  of  such 
lines  of  magnetic  force  outside  the  oscillator  returning  back  on  both 
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Fig.  26. 


sides  in  the  equatorial  line  by  the  two  little  circles  marked  -|-  H,  in 
which  the  magnetic  flux  is  towards  the  reader.  On  the  other  hand,  if 
we  consider  a  simple  open  antenna  EF  of  the  same  height  as  the  side 
of  the  rectangle  BD,  and  consider  the  nature  of  the  magnetic  force 
round  it  when  a  current  is  flowing  upwards  in  it,  it  will  be  seen  that 
these  lines  are  circles  lying  in  planes  at  right  angles  to  the  antenna, 
and  that  the  sections  of  these  lines  in  that  plane  may  be  represented 
by  the  little  circles  -f-  ^'  and  —  ^,  marked  respectively  with  a  dot  and 
a  cross.  If,  then,  we  suppose  the  open  and  closed  circuits  to  be 
placed  so  that  the  open  one  is  in  close  contiguity  to  one  side  of  the 
closed  one  (see  upper  diagram  of  Fig.  25),  and  that  the  oscillations 
in  these  parts  of  the  two  circuits  in  contiguity  are  always  in  opposite 
directions,  then  it  is  quite  easy  to  see  that  the  field  due  to  the  open 
circuit  antenna  will  assist  the  field  due  to  the  closed  circuit  antenna 
on  the  left-hand  side,  but  tend  to  weaken  it  on  the  right-hand  side. 
So  that  if  we  call  the  field  due  to  the  open  antenna  on  the  one  side  A, 
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and  on  the  other  side  h\  the  resultant  field  due  to  the  comhined 
open  and  closed  antennas  will  be  H  4-  ^'  on  the  left-hand  side,  H  —  h 
on  the  right-hand  side. 

We  can  now  imagine  the  two  oscillations  in  the  continuous  wires 
BD,  EF  which  are  opposed  in  direction  to  annihilate  each  other,  and 
the  result  is  that  we  are  left  with  a  bent  antenna  as  in  the  lower 
diagram  of  Fig.  25,  in  which  if  oscillations  are  set  up  we  are  able  to 
produce  a  field  which  is  non-symmetrical,  being  greater  on  the  side 
away  from  which  the  open  ends  point.  Such  an  antenna  is  called  a 
bent  antenna,  and  if  we  imagine  it  half  buried  in  the  earth,  the 
surface  of  the  earth  being  a  plane  of  zero  potential,  it  produces  the 
same  effect,  above  the  earth's  surface  as  one-half  of  a  complete  double 
bent  antenna.  It  follows,  then,  that  an  earthed  antenna  partly  vertical 
and  partly  horizontal  must  produce  a  non-symmetrical  radiation. 

The  author  has  given  an  analytical  discussion  of  the  theory  of  a 
bent  antenna,  based  on  the  above  view  that  it  could  be  considered  as 
composed  of  the  superposed  Hertzian  oscillators.  (See  J.  A.  Fleming, 
Proc,  Roy.  Soc.  Lond.,  ser.  A.,  vol.  78,  p.  1.  1906.  A  note  on  the  theory 
of  Directive  Antennae,  or  Unsymmetrical  Hertzian  Oscillators.) 
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Fia.  26. 


Fig.  27. 


The  analytical  treatment  of  the  subject  presents,  however, 
enormous  difficulties  unless  we  limit  consideration  to  the  case  in 
which  the  current  in  the  oscillator  is  assumed  to  have  the  same  value 
at  all  points  at  the  same  time,  and  also  that  the  dimensions  of  the 
oscillator  are  small  compared  with  the  distance  from  it  of  the  points 
at  which  the  field  is  considered.  The  first  assumption  is  not  strictly 
true  for  any  ordinary  radiotelegraphic  antenna,  but  is  necessary  to 
bring  the  case  under  mathematical  treatment. 

One  form  of  bent  oscillator  of  the  above  kind  may  be  considered 
to  be  made  up  by  the  superposition  of  three  Hertzian  electric  oscil- 
lators placed  at  right  angles  to  each  other,  the  poles  being  so  arranged 
that  at  the  two  comers  poles  of  opposite  signs  are  superimposed, 
the  oscillations  in    all    being  synchronous  and  similarly  directed 
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(see  Fig.  26).  Hence,  to  obtain  the  field  of  this  bent  oscillator,  we 
need  merely  to  calculate  those  of  the  components  and  add  them 
together. 

Let  a  single  electric  oscillator  be  placed  with  its  centre  at  the 
origin  and  axis  coinciding  with  the  z  axis.  Let  oscillations  exist  in 
it  of  period  2n/n  and  radiation  be  emitted  of  wave  tength  2n/m. 
Suppose  the  length  of  the  oscillator  to  be  denoted  by  Sz,  the  electric 
charge  at  either  pole  at  any  instant  by  q,  the  uniform  current  in  the 
axis  by  i,  whilst  Q  and  I  are  the  maximum  values  of  q  and  »  which 
vary  so  that  ^  =  Q  sin  nt  and  » =  I  cos  nt.  Also  let  0  =  Q8z  be  the 
maximum  electric  moment  of  the  oscillator.  We  have,  therefore, 
l  =  Qn  or  <fm  =  ISz,  and  n/m  =  Vt  the  velocity  of  propagation  of  the 
radiation  through  space.  The  scalar  potential  Y  at  any  point  P 
whose  distance  from  the  origin  is  r,  is  given  by 

where  k  is  the  dielectric  constant  of  the  medium,  and  r^  =  ar2  .^  y2  _|_  ^a. 
Also,  if  F,  G,  and  H  are  the  components  of  vector  potential  at  P, 
we.  have  in  this  case  F  =  G  =  0,  and 


H  =  _l&  «?L(^!L=,^) 


(2) 


If,  as  before,  we  employ  the  symbol  n  to  stand  for 

sin  {mr  —  nt) 
r 

we  can  write  the  above  expressions  (1)  and  (2)  in  the  form 

If  we  suppose  this  doublet  to  be  moved  parallel  to  itself  in  the 
negative  direction  so  that  its  centre  is  displaced  by  a  distance  —  ^fiy^ 
the  scalar  and  vector  potentials  at  P  become — 


Qonsider,  then,  two  other  similar  doublets  of  length  by,  and  maxi- 
mum moment  ^',  placed  with  poles  pointing  in  opposite  directions  and 
axes  parallel  to  the  axis  of  y^  the  doublets  having  centres  at  distances 
4-^52;  and  —  i&  from  the  origin  and  poles  arranged  as  in  Fig,  26. 
The  scalar  and  vector  potentials  at  the  point  P  of  these  last  two 
doublets  constituting  together  a  double-doublet  are  obviously  given  by 

hdz  dy ^  ' 
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Hence,  if  three  snob  short,  straight  oscillators,  having  equal 
currents  and  charges,  are  placed  round  the  origin  so  as  to  create  a 
doubly-bent  oscillator,  the  scalar  and  vector  potentials  of  this  oscil- 
lator at  a  point  P  (see  Fig.  27),  the  distance  of  which  from  the  origin 
is  large  compared  with  the  linear  dimensions,  of  the  oscillator,  are 
given  by 

^'  '^"  -  (8) 


V  = 


k  dz         kdydz         kdz  dy 


& 


F 
G 


=  0 


'PWdT 

.dn 


\ 


H  =  JT^  -  U^5^y 
^  dt       '^rfy  dt  " 


(9) 


where  ^'hz  =  <f)&y. 

The  electric  and  magnetic  forces  at  the  point  P,  of  which  the 
axial  components  are  X,  Y,  Z,  and  a,  )3,  y,  can  be  obtained  from 
equations  (8)  and  (9)  at  once  by  the  aid  of  the  relations  — 


^    ^ 

dn      dG 

X  = 

CL  ~~" 

dt       dx 

dy        dz 

dG      dY 

d¥      dR 

Y  —      

^      dz        dx 

dt       dy 

dB.      (IN 

dG      d¥ 

dt        dz 

'^  ^  dx       dy 

(10) 


For  the  present  purposes  we  require  only  the  electric  and  magnetic 
forces  perpendicular  to  the  radius  vector  r,  taken  at  its  extremity, 
when  that  radius  is  taken  in  the  plane  a;^,  which  is  normal  to  the 
plane  yz  in  which  the  oscillator  is  situated.  Hence  we  need  only 
calculate  the  value  of  Z,  a,  and  j3  for  the  case  in  question. 

If  we  write  M  for  18^8^  and  call  this  the  magnetic  moment  of 
the  bent  oscillator,  so  that  ^y  =  ^'&  =  M/n,  we  have  the  following 
equations  for  the  potentials  and  forces  in  the  field  at  points  not  very 
near  the  oscillator  : — 


V  = 
G  = 
H  = 
Z  = 
a  = 


^du     <f>  '^n        f  ^^n        _(^<m 

k  dz      2k  dy  dz         k  dz  dy  k  dz 


M    f/n 
2kn  dy  dz 


'f'dzdt^ 


M  ri2n 

n  dy  dt 

du  _  if>  <^^n     _  idn  _  M  flPn 

9  ^,  —  o  -/.:- ;7^  —  y  ^11       2n  dy  dt 

d>d^n      M^  j^n^ 

(W'    '   2n  dy  di^ '^  k  dz^   '^2kndydz^ 

^/2n  __  M  ^3n  _^M  (mi 

Uiydt      2»  dy^dt  ""  ~n  dz^ dt 
d^U        M     d^U 

"^^dxdt  '^  2ndx  dy  dt 


dt       2  dydt 
,d^n   ,    M   d^U 


(11) 
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Performing  the  necessary  differentiations  on  the  function 

sin  (mr  —  nt) 


n== 


r 


and  collecting  terms  in  sin  (mr  —  nt)  and  cos  (mr  —  rU)t  which  for  j 

shortness  will  be  written  sin  x  ^^d  cos  Xi  also  putting  v  for  n/m  or 
{fjik)-hf  where  /x  and  k  are  the  permeabiUty  and  dielectric  constant  of 
the  medium,  we  have  the  following  expressions  for  Z,  a,  and  J3 : — 


Z  =  l^n,^^  -  1)  -  <Km^^  -  3)(!y  + 1  ^) 


+ 


M  (6m2r2  —  15)/y\/  2\2)  sin  x 


2v         mr         \rAr/  S  kr^ 


ml  1 


+  y^r  -  ^».r{j)'  -  f^^^'  +  3)(?) 

+Mf)->--^)(!!T-¥ 

_M(„V-3(|/j«~'' (18) 

Suppose  we  limit  attention  to  the  value  of  the  electric  force  e  and 
the  magnetic  force  d  at  right  angles  to  the  extremity  of  the  radius 
vector  r,  the  former  being  parallel  to  the  z-axis  and  the  latter  being 
drawn  in  the  plane  of  xy.  The  magnetic  force  d  in  this  direction  is 
equal  to  ay/r  —  fix/r.  Hence  we  obtain  its  value  by  multiplication  of 
the  values  of  a  and  )5  by  y/r  and  x/r  and  subtraction.  Then  putting 
z  =  0  in  the  above  equations  and  writing  cos  0  for  y/r  we  have 

+  {<f>mr -^^(m^^  + 3)  COS  i.]^^^ (^^^ 

rf={^mV2}-^^+|^iw-^m«r8cos^|?^.    .    (16) 

If  we  denote  the  amplitudes  of  e  and  </  by  E  and  D,  we  have 
finally 

B=^^^y(<f>vm^^)^  +  (^<l>vmr  —  ^m^r^c^^  (18) 
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where  E  is  the  amplitude  of  the  electrio  force  perpendicular  to  the 
radius  vector  and  to  the  equatorial  plane,  and  D  is  the  amplitude  of 
the  magnetic  force  perpendicular  to  the  radius  vector  and  in  the 
equatorial  plane. 

If  the  expressions  under  the  radicals  in  (17)  and  (18)  are  written 
out,  it  is  easy  to  show  that  when  0  is  180^  tne  values  of  E  and  D  are 
both  greater  than  when  0  =  0°, 

If  we  put  M  =  0  in  the  above  equations  they  reduce  to  the  values 
given  by  Hertz  for  the  electric  and  magnetic  forces  of  the  short 
straight  oscillator  or  doublet  taken  in  the  equatorial  plane;  the 
electric  force  being  parallel  to  the  axis  and  magnetic  force  at  right 
angles.  When  mr  is  large  compared  with  unity  we  have  1c&  =  ftH2, 
showing  that  the  energies  of  the  magnetic  and  electric  components 
of  the  wave  then  become  equal.  Also  there  is  a  minimum  value  of 
D  and  E  corresponding  to  a  value  of  ^  such  that 

cos  Ut  =  -^ ,      or      cos  tb  =  -^    o  o  x   o     •     (19) 

The  above  expressions  are  numerically  small  when  r  is  large 
compared  with  the  wave  length  of  the  radiation.  Hence  a  minimum 
value  of  the  forces  at  the  extremity  of  the  radius  vector  is  found, 
corresponding  to  some  azimuthal  angle  0  rather  less  than  90"^ 
reckoned  from  the  direction  in  which  the  free  ends  of  the  bent 
oscillator  point. 

The  degree  of  this  fore-and-aft  inequality  in  the  plane  of  the 
oscillator  will  depend  upon  the  ratio  of  the  magnitude  of  the 
quantities  j^Mmr  and  ^  or  upon  the  ratio  of  %  to  2/m'r,  that  is 
upon  the  ratio  of 

hy  4         .  'A 

iS^  +  Sy     ^     ^^'    *-^-^     ~n^r 

where  21  is  the  total  length  of  the  bent  oscillator.  The  greatest 
inequality  between  the  fore-and-aft  radiation  in  the  plane  of  the 
oscillator  will  exist  when  tt^  times  the  ratio  of  the  sum  of  the  lengths 
of  the  two  horizontal  parts  of  the  oscillator  to  its  total  length  is  as 
nearly  as  possible  equal  to  the  product  of  the  ratios  of  X^ll^  and  //r. 
The  ratio  \/l  is  fixed  by  the  geometrical  form  of  the  oscillator,  hence 
the  inequality  in  radiative  power  in  the  fore-and-aft  directiona  for  a 
given  oscillator  essentially  depends  upon  the  ratio  of  wave  length  to 
the  distance  of  the  point  at  which  observations  are  made,  and  at 
large  distances  will  only  be  sensible  when  long  wave  lengths  are 
employed. 

The  above  theoretical  examination  of  this  operation  of  a  bent 
oscillator  shows  clearly  that  its  unsymmetrical  radiation  in  the 
equatorial  plane  depends  not  upon  absolute  wave  length,  but  upon 
the  ratio  of  wave  length  to  the  distance  of  the  receiving  point  and 
upon  the  proportion  between  the  length  of  the  vertical  and  of  the 
horizontal  portions  of  the  oscillator. 

The  above  investigation  shows  that  if  an  antenna  is  bent  or 
inclined  so  that  it  is  partly  vertical  and  partly  horizontal,  the  result 
is  to  produce  a  non-symmetrical  radiation ;  in  other  words,  to  give 
the  antenna  a  directive  quality  as  regards  radiation,  and  that  this 
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arises  from  the  fact  that  such  an  antenna  may  be  regarded  as  tlxe 
result  of  a  combination  of  the  open  and  closed  type.  This  property 
of  the  bent  or  inclined  antenna  was,  however,  not  discovered  by- 
mathematical  analysis,  bat  experimentally  in  the  endeavour  to 
achieve  the  feat  of  directing  radiotelegraphic  waves. 

Another  and  quite  different  theory  of  directive  antennas  has  been 
developed  by  H.   v.  Hoerschelmann  (see  Jahrbuch  der  DrahUosen 
Telegraphie,  vol.  v.  p.  15  and  p,  188,  1911).    This  theory,  based  on  a 
rather  elaborate  mathematical  analysis,  led  to  the  conclusion  that  the 
directive  properties  of  a  Marconi  bent  antenna  depend  essentially 
upon  the  production  in  the  earth's  crust  beneath  the  antenna  of  two 
vertical  electric  currents  which  act  like  vertical  antennsB,  the  currents 
in  these  being  in  opposite  phases.    Hence  the  conclusion  arrived  at  is 
that  if  the  earth  is  a  very  good  conductor  there  would  be  no  directive 
effect  because  no  currents  could  penetrate  deep  into  the  earth.    Also 
if  the  earth  were  a  perfect  non-conductor  no  such  currents  could  be 
formed.     Let  /x  be  the  magnetic  permeability,  k  the  dielectric  co- 
efficient, and  o-  the  conducSvity  of  either  the  air  or  the  soil.     Let 
p  =  2im  where  n  is  the  frequency,  then   let   &*    be  written  for 
c-2]  uKp^-\-jp^na-fjL}  where  e  is  the  unitary  ratio,  or  the  velocity  of  light, 
and  let  suffixed  1  and  2  have  reference  respectively  to  the  value  of 
k  for  air  and  earth.     Then  Hoerschelmann  shows  that  wave  ampli- 
tudes along  various  radii  defined  by  an  azimuth  angle  ^  will  be  given 
by  an  expression  of  the  form 

E  =  Ak^  +  BA^i  cos  (f> 

where  A  is  the  height  of  the  vertical  part  of  the  antenna,  and  B  that 
of  the  horizontal  part. 

Now  the  equation  r  =  a  -f-  ^  cos  <f>  is  the  polar  equation,  to  a 
Lima^on  which  is  the  inverse  of  a  conic  section  with  respect  to  the 
focus.  Although  Hoerschelmann's  expression  for  the  polar  curve 
defining  the  intensity  of  radiation  in  various  azimuths  is  in  accord  to 
a  considerable  extent  with  experiment,  yet  his  conclusion  that  the 
directivity  of  such  a  bent  antenna  depends  upon  the  finite  conduc- 
tivity of  the  soil  or  surface  on  which  the  antenna  stands  has  not  yet 
been  confirmed  by  experiment. 

The  theory  of  the  bent  antenna  has  also  been  discussed  by  Prof. 
H.  M.  Macdonald  (see  Froc,  Boy,  Soc.  Lond.,  vol.  81,  A,  p.  394,  1908). 
He  has  shown  that  at  a  distance  r  from  the  radiator  the  square  of 
the  amplitude  of  the  electric  or  magnetic  force  vertical  to  the  earth 
at  a  point  having  an  azimuth  6  is  given  by  an  expression  of  the 
form — 

(a-=co.,)'?  +  A.-^ 

The  above  expression  is  nearly  of  the  same  mathematical  form  as  , 
the  expressions  given  in  the  equations  (17)  and  (18),  and  denotes  a  * 
figure  of  8  curve  having  one  loop  larger  than  the  other. 

Macdonald  remarks  that  the  essential  feature  of  all  arrangements 
for  giving  direction  to  electric  waves  is  the  interference  of  two  sets 
of  waves  differing  in  phase  and  proceeding  from  two  sources  at  a 
distance  apart. 
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Another  theory  of  directive  antennad  has  been  enunciated  by 
J.  Zenneck  (see  Phys,  Zeitschrift,  vol.  9,  p.  60,  1908,  or  Science 
Abstracts,  vol.  11,  B,  June  1908,  abs.  705,  based  on  the  view  that  at 
great  distances  from  a  sloping  sending  antenna  the  electric  field  is 
an  alternating  field  more  or  less  inclined  to  the  vertical  and  having  a 
more  or  less  considerable  horizontal  component.  Hence  Zenneck 
shows  the  result  would  be  to  project  the  radiation  better  in  the 
direction  away  from  which  the  antenna  slopes. 

10.  Expepimental  InYestigations  with  Bent  op  DipectiYe 
Antennas. — At  a  very  early  stage  in  connection  with  radiotelegraphy 
the  problem  of  directing  the  radiation,  or  concentrating  it  in  certain 
directions,  presented  itself  to  inventors.  The  earliest  attempts  to 
give  direction  to  an  electric  beam  involved  the  use  of  parabolic 
mirrors.  Hertz  showed  that  electric  waves  could  be  reflected  accord- 
ing to  the  same  laws  as  rays  of  light,  and  in  some  of  his  earUest 
experiments  he  employed  a  pair  of  cylindrical  parabolic  mirrors  for 
this  purpose.  In  the  focal  line  of  one  mirror  a  linear  oscillator  was 
placed,  and  in  the  focal  line  of  the  other  a  linear  resonator.  When 
the  mirrors  were  placed  in  apposition,  a  beam  of  electric  radiation 
was  transmitted  from  one  to  the  other,  the  beam  being  mostly 
confined  to  the  space  between  the  mirrors.  In  order  that  this  experi- 
ment may  succeed,  it  is  necessary,  however,  to  use  radiation  of  a 
wave  length  which  is  small,  or  at  least  not  large,  compared  with  the 
dimensions  of  the  mirror.  Thus  Hertz  used  cylindrical  parabolic 
mirrors  12*5  cms.  in  focal  length,  which  were  about  2  metres  high 
and  1  metre  wide,  and  employed  electric  waves  having  a  wave  length 
of  about  66  cms,  or  about  2  feet  in  length.^^ 

In  some  of  his  earliest  experiments  on  electric  wave  telegraphy 
Marconi  adopted  the  same  plan,  and  used  copper  parabolic  mirrors, 
by  the  aid  of  which  he  projected  a  beam  of  electric  radiation  in  a 
certain  direction  for  about  2  miles.  ^^ 

In  place  of  cylindrical  parabolic  mirrors,  other  inventors  have 
proposed  to  employ  vertical  wires  or  rods  arranged  along  a  paraboHc 
base  hne  drawn  on  the  ground,  the  radiator  being  placed  in  the  focal 
hne,  e.ff,  S.  G.  Brown  (see  British  Patent  Specification  No.  14,449, 
of  1899 ;  also  see  U.S.A.  Patent  Specification  of  Lee  de  Forest,  No. 
748,597,  of  1902), 

The  devices  are,  however,  unavailable  when  very  long  electric 
waves  are  employed.  It  is  perfectly  impracticable  to  construct 
mirrors  of  dimensions  comparaole  in  size  with  the  length  of  electric 
waves  of  500  or  1000  feet  in  wave  length,  and  to  employ  smaller 
mirrors  would  be  like  attempting  to  conduct  optical  experimients  with 
mirrors  having  dimensions  of  less  than  one  hundred  thousandth  part 
of  an  inch. 

A  new  line  of  investigation  was,  however,  opened  up  by  the 
observation  that  the  radiation  of  a  pair  of  antennaB  with  currents  in 
opposite  directions,  or  of  a  sloping  antenna,  and  particularly  that  of  a 
vertical  loop  or  nearly  closed  antenna,  is  non-symmetrical.  In  the 
British  Patent  Specification  of  S.  G.  Brown,  No.  14,449  of  1899,  a 

"  See  Hertz,  "  Electric  Waves,"  English  translation  by  D.  E.  Jones,  p.  176. 
"  See  G.  Marconi,  *'  On  Wireless  Telegraphy,"  Journal  Inst  Elec.  Eng.,  1899, 
vol.  28,  p.  282. 
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diagram  is  given  showing  a  pair  of  vertical  antennsB  said  to  be 
separated  by  half  a  wave  length,  each  attached  to  one  of  the  spark 
balls  of  an  induction  coil.  This  arrangement  is  correctly  stated  to 
radiate  and  absorb  best  in  the  plane  of  the  wires.  It  was  also  found 
that  in  the  case  of  a  closed  loop  it  is  greater  in  the  plane  of  the  loop 
than  in  any  other  plane.  Observations  concerning  this  phenomenon 
were  made  in  1898  and  1899  by  S.  G.  Brown,  by  K.  Btrecker,  and  by 
A.  Slaby,  and  in  1899  by  J.  Zenneck,  and  later  by  H.  von  Sigsfeld 
and  by  F.  Braun  in  Germany.^  Arrangements  were  also  described 
in  patent  specifications  by  M.  E.  Garcia,2i  L.  de  Forest,22  and  J.  S. 
Stone  23  for  locating  the  direction  of  the  transmitting  station. 

This  pioneer  work,  however,  did  not  sufficiently  lead  to  practical 
achievement,  whilst  in  some  cases  results  said  to  have  been  obtained 
are  clearly  in  contradiction  with  well-ascertained  facts.  In  other 
cases  there  was  no  doubt  a  correct  observation,  but  it  was  not  followed 
up.  Thus,  L.  de  Forest  states  that  an  antenna  formed  of  vertical 
and  horizontal  insulated  rods  with  a  spark  gap  placed  at  their  junction 
is  directive,  and  radiates  more  towards  the  side  on  which  the  vertical 
branch  of  the  antenna  is  placed  and  in  the  plane  of  the  antenna 
(U.S.A.  Patent  Specification,  No.  749,131,  applied  for  March  6.  1901). 

The  problem  which  seems  first  to  have  attracted  attention  was 
that  of  determining  the  direction  of  the  transmitting  station  at  the 
receiving  station. 

F.  Braun  states  he  had  employed  in  1903,  as  a  means  of  so  doing, 
a  receiving  antenna  not  horizontal,  but  sloping  upwards  at  a  small 
angle  towards  the  incoming  wave  (see  The  Electrician,  vol.  57,  p.  247, 
1906,  and  Phys,  ZeUschrift,  iv.  p.  363,  1903). 

Again  L.  de  Forest  described  in  a  United  States  Patent  Specifica- 
tion an  arrangement  consisting  of  a  metal  plate  or  grid,  longer  in  a 
horizontal  than  in  a  vertical  direction,  which  is  swivelled  round  a 
vertical  axis  so  as  to  be  capable  of  being  oriented.2^  In  the  vertical 
part  he  places  an  electrolytic  receiver  of  some  kind  shunted  by  a 
telephone  and  local  cell.  He  states  that  when  the  grid  is  placed 
broadside  on  to  the  incident  waves  it  collects  the  largest  amount  of 
energy,  and  the  oscillation  detector  is  then  most  vigorously  affected. 
Hence  by  rotating  it  round  into  this  position  the  receiving  operator 
can  determine  the  direction  of  the  radiant  point.  He  states  that 
with  a  collecting  screen  15  feet  by  6  feet  in  size,  he  has  been  able  to 
locate  within  10^  the  direction  of  a  transmitting  station  7  miles  away. 
Another  device  by  the  same  inventor  consists  in  employing  a  horizontal 
antenna  swivelled  so  as  to  rotate  round  a  vertical  portion,  and  in  this 
is  placed  an  electrolytic  receiver  of  some  kind  shunted  by  a  telephone 
and  local  cell.     According  to  the  specification,  the  horizontal  portion 

'^  For  a  brief  account  of  this  early  work  on  directive  radiotelegraphy,  the 
reader  may  be  referred  to  an  article  in  The  Electrician^  vol.  57,  p.  220,  May,  1906. 

"  See  U.S.A.  Patent  Specifications  of  M.  R.  Garcia,  No.  796,762,  applied  for 
January  10,  1901. 

"  See  U.S.A.  Patent  Specifications  of  L.  de  Forest,  No.  749,131,  1904,  being 
a  divided  part  of  an  original  No.  720,568,  March  6,  1901. 

*»  See  U.S.A.  Patent  Speoifitsations  of  J.  S.  Stone,  Nob.  716,184,  716,136, 
of  1902. 

"  See  U.S.A.  Patent  Specifications  of  L.  de  Forest,  Nos.  771,818,  771,819, 
appUed  for  May  28,  1904. 
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may  be  extended  in  one  or  both  directions,  or  may  consist  of  a  closed 
loop. 

The  inventor  states  that  when  turned  round  so  that  the  direction 
of  the  horizontal  part  coincides  with  the  direction  of  the  incident 
waves,  the  oscillation  detector  in  the  vertical  part  gives  its  maximum 
indication  and  its  minimum  when  the  horizontal  pa^  lies  transversely 
to  the  direction  of  motion  of  the  signal  waves. 

J.  S.  Stone,  following  the  prior  suggestions  of  S.  G.  Brown  (loc.  cit,)^ 
proposed  to  place  two  vertical  receiving  antennsB  at  a  distance  apart 
equal  to  one  half  of  a  wave  length  of  the  waves  employed,  and  to 
arrange  these  so  as  to  be  capable  of  rotating  round  an  axis  halfway 
between  them.  If,  then,  these  two  antennad  are  placed  in  the  line  of 
direction  in  which  the  incident  waves  are  travelling,  the  inventor 
states  that  they  will  be  oppositely  affected,  and  if  the  variations  of 
potential  or  current  at  their  respective  bases  are  inductively  combined 
so  as  to  be  added  together,  they  will  not  affect  a  receiving  instrument. 
On  the  other  hand,  if  the  line  joining  the  two  antennaB  is  perpendicular 
to  the  direction  in  which  the  waves  are  travelling,  then  the  potential 
or  current  variations  in  them,  being  in  the  same  phase,  can  be  added 
together  so  as  to  affect  a  receiving  instrument  operated  upon  by  the 
two  antennae  jointly.  Hence  the  direction  in  which  the  incident 
wave  is  travelling  may  be  ascertained  by  finding  the  position  in 
which  the  two  receiving  antennae  are  nil  Apart,  however,  from  the 
mechanical  and  almost  insuperable  difi&culties  of  so  dealing  with 
antennae,  which  must  be  hundreds  of  feet  apart  in  the  case  of  the 
waves  used  in  electric  wave  telegraphy,  this  proposal  neglects  alto- 
gether the  effects  which  arise  from  the  damping  in  the  wave  train. 
When  a  wave  train  of  highly  damped  electric  waves  is  travelling 
through  space,  although  the  electric  and  magnetic  forces  at  places 
separated  by  half  a  wave  length  are  opposite  in  direction  at  any 
instant,  they  are  not  equal  in  magnitude.  Accordingly,  there  would 
be  a  differential  effect  on  the  two  antennae  placed  half  a  wave  length 
apart  in  the  hne  of  motion,  due  to  the  difference  in  magnitude  of 
the  simultaneous  forces  in  opposite  directions.  Hence  this  plan  of 
S.  G.  Brown  and  Stone,  though  ingenious  and  re-described  subse- 
quently by  many  other  patentees,  does  not  seem  to  have  reached 
practical  realization. 

The  first  really  practical  solution  of  the  problem,  however,  was 
obtained  when  Marconi  made  systematic  observations  of  the  radia- 
tion intensity  in  various  directions,  but  at  equal  distances,  round  an 
antenna  having  a  short  part  of  its  length  vertical  and  a  longer  part 
horizontal,  combined  with  similar  observations  of  the  absorptive 
power  of  such  an  antenna  in  various  directions.^^ 

Setting  up  at  one  place  such  a  bent  transmitting  antenna  (see 
Fig.  28),  Marconi  took  observations  at  equal  distances  around  it,  but 
in  different  azimuths,  by  means  of  a  simple  straight  vertical  receiving 
antenna,  having  in  its  circuit  some  form  of  quantitative  oscillation 
detector,  such  as  a  Duddell  thermal  ammeter.     The  intensity  of  the 

*•  See  G.  Marconi,  "  On  Methods  whereby  the  Radiation  of  Electric  Waves 
may  be  mainly  confined  to  Certain  Directions,  and  whereby  the  Beoeptivity  of  a 
Receiver  may  be  restricted  to  Electric  Waves  emanating  from  Certain  Directions," 
Proc,  Bay,  Soc,  Land,,  Ser.  A.,  vol.  77,  p.  413, 1906. 
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radiation  in  any  direction  ie  then  takeo  as  proportioDal  to  the  mean- 
square  value  of  the  ourrents  read  by  the  ammeter  in  the  receiving 


Fio.  28.— Marcooi'B  Bent  Transmittuig  Antenna  for  direoting  BUctrio  lUdiAtiau. 

He  Bet  off  these  currents  or  iotetisities  in  a  diagram  as  the  radii 
ot  a  polar  curve  {see  Fig.  29),  and  obtained  a  closed  curve  something 
like  a  figure  8  with  two  unequal  loops,  the  radii  of  this  curve  repre- 
senting the  intensity  of  the  radiation  for  various  angular  directions 
round  the  bent  transmitter.     It 
was  then  seen  that  the  radiation 
is  greatest  in  one  direction,  and 
that  is  the  direction  away  from 
which  the  free  end  of  the  bent 
^       radiator  points.     It  is  also  a 
minimum  in    another  direction 
approximately    110°    from   the 
^      maximum  direction,  and  it  has 
"*      a    secondary     or    intermediate 
I*      minimum  180°  in  the  opposite 
"         direction,  that  is,  in  the  direction 
in  which  the  free  end  of  the 
bent  antenna  points.   The  shape 
""iKPiwito-—  of  this  curve  can  be  fully  ac- 

n       on     T3  1      T^- 1.     ■       .u      counted     for     theoretically,    as 

Fig.   28.— Polac  Diftgram   ghowiag   the       ,  ■      .l  ■'l- 

Energy  radiated  by  a  Bent  Antenna     ShOWn  in  the  previous  section, 
in  Various  AzimuttiB,  by    assuming    that     the     bent 

antenna  is  a  combination  of  a 
closed  or  magnetic  oscillator  and  an  open  or  electric  oscillator. 

A  large  number  of  observations  were  thus  obtained  by  Marcoti 
with  bent  transmitting  antenns  and  vertical  or  open  receiving 
antenna,  and  also  vrith  vertical  or  symmetrical  radiating  antennee 
and  bent  receiving  antennie  placed  in  various  relative  positions,  and 
these  observations  proved  that  an  antenna  which  radiates  best  in  any 
one  direction  absorbs  best,  as  a  receiving  antenna,  waves  which  are 
coming  from  that  direction,  and  also  that  when  an  antenna  is  con- 
structed which  is  partly  vertical  and  partly  horizontal,  the  radiation 
is  non-symmetrical,  being  greater  in  some  directions  than  in  others. 
Marconi's  observations  were  made  with  radiating  said  receiving 
antennes  from  30  to  45  metres  in  length,  separated  by  distances 
varying  from  about  250  metres  to  600  or  700  metres,  and  he  then 
found  that  for  the  same  distance  between  the  antennce  the  intensity 
of  the  radiation,  as  measured  by  a  thermal  or  magnetic  oscillation 
detector,  was  sometimes  as  much  as  four  times  greater  in  the 
direction  away  from  which  the  free  end  of  the  bent  radiator  pointed 
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than  in  the  same  direction.  The  wave  length  of  the  waves  used  in 
his  experiments  was  about  150  metres,  and  henoe  the  maximum 
distance  at  which  experiments  were  carried  out  was  only  about  four 
or  five  wave  lengths.  Practical  experience,  however,  shows  that  the 
same  directive  qualities  exist  at  very  much  greater  distances,  but 
theory  pointo  to  the  fact  that  at  extremely  large  distances  the 
asymmetry  tends  to  vanish,  and  that  any  bent  oscillator,  however 
arranged,  has  no  asymmetry  of  radiation  for  very  large  distances. 
In  one  experiment  he  employed  a  horizontal  wire  100  metres  in 
length,  placed  at  a  slight  distance  above  the  earth's  surface,  and 
connected  at  one  end  through  a  spark  gap  with  the  earth.  Such  a 
transmitter  sent  out  waves  approximately  500  metres  in  length.  The 
receiving  antenna  was  a  vertical  wire  8  metres  in  length,  tuned  to 
the  period  of  the  transmitter  by  means  of  a  syntonizing  coil  and  con- 
nected to  the  earth  through  a  magnetic  oscillation  detector.  The 
signals  were  quite  distinct  at  16  kilometres  when  the  horizontal  part 
of  the  radiator  pointed  away  from  the  receiver,  but  only  very  weak 
at  10  kilometres  when  the  fi^  end  of  the  transmitter  pointed  towards 
the  receiving  wire  and  quite  undetectable  at  6  kilometres  when  the 
free  end  of  the  transmitter  pointed  at  right  angles  to  the  line  joining 
the  transmitter  and  receiver. 

Again,  at  Clifden,  Ck>nnemara,  Ireland,  by  means  of  a  horizontal 
conductor  230  metres  in  length  as  a  receiving  antenna,  and  connected 
to  the  earth  through  a  magnetic  oscillation  detector,  Marconi  found 
it  possible  to  receive  with  clearness  all  the  signals  transmitted  from 
the  Poldhu  station  at  a  distance  of  500  kilometres,  provided  that  the 
free  end  of  the  horizontal  receiving  antenna  pointed  directly  away 
from  the  direction  of  Poldhu,  whilst  no  signals  at  all  could  be  re- 
ceived if  the  horizontal  wire  at  Glifden  made  an  angle  of  more  than 
35^  with  the  line  of  direetion  of  Poldhu.  Furthermore,  he  found  that 
he  could  receive  simals  from  the  Admiralty  Station  on  the  Scilly 
Isles  at  Mullion  in  Uomwall,  a  distance  of  85  kilometres,  by  means  of 
a  horizontal  receiving  antenna  50  metres  in  length  placed  2  metres 
above  the  ground,  one  end  of  the  wire  being  connected  to  the  earth 
through  a  magnetic  oscillation  detector,  provided  that  the  free  end  of 
the  wire  at  Mullion  pointed  away  from  the  Scilly  Isles,  but  that  no 
signals  could  be  received  if  the  horizontal  portion  was  swivelled 
round  so  as  to  make  an  angle  of  more  than  twenty  degrees  with  the 
line  joining  Mullion  with  Scilly. 

It  is  an  obvious  consequence  of  the  Law  of  Exchanges  which 
holds  good  for  electromagneuc  radiation  as  well  as  for  heat  and 
light,  that  any  form  of  antenna  which  radiates  better  in  one  direction 
than  another  must  absorb  best  radiation  arriving  from  the  direction 
towards  which  it  radiates  best. 

Hence,  by  means  of  a  horizontal  wire  60  metres  in  length,  sup- 
ported 2  metres  above  the  ground  and  connected  at  one  end  to  the 
earth  through  a  magnetic  oscillation  detector,  Marconi  was  able  to 
locate  the  direction  of  an  invisible  ship  sixteen  miles  away,  sending 
out  electromagnetic  waves,  by  noticing  the  direction  in  which  the 
free  end  of  the  horizontal  receiving  antenna  had  to  be  placed  in  order 
to  make  the  signals  most  strong.  This  direction  was  a  direction 
opposite  to  that  from  which  the  waves  were  arriving. 


622        THE  APPARATUS  OF  RADIO- TELEGRAPHY 

Marconi  employed,  therefore,  a  pair  of  such  bent  antennse  (as  in 
Pig,  30)  as  a  means  of  achieving  a  practically  useful  directive 
telegraphy.26 

He  places  a  long  horizontal  insulated  wire  or  wires  parallel  to  the 
earth's  surface,  and  at  a  distance  from  it  small  compared  with  the 
length  of  the  wire.  One  end  of  this  wire  is  insulated,  and  the  other 
end  is  connected  to  an  earth  plate  either  through  a  pair  of  spark 
balls,  if  it  is  a  transmitting  antenna,  or  through  an  oscillation  detector 
of  some  form,  if  it  is  a  receiving  antenna.  These  antennae,  at  the 
two  stations  (transmitting  and  receiving),  are  arranged  back  to 
back — that  is,  with  their  free  or  insulated  ends  pointing  away  from 
each  other,  but  with  the  horizontal  wires  in  the  same  vertical  plane 
(see  Fig.  30).  In  the  diagram  Ai  is  the  horizonlal  transmitting 
antenna  and  A^  is  the  receiving  antenna.  The  spark  balls  S  are 
placed  in  the  short  vertical  branch  of  the  antenna  Ai,  and  a  receiving 
instrument,  such  as  a  magnetic  detector,  E,  in  the  same  number  of 
the  receiving  antenna.     The  two  earth  plates  are  denoted  by  E 

A' 

si 

Fig.  80. — Marconi's  Directive  AntennsB  for  Electric  Wave  Direction  Telegraphy. 
A^,  transmitting  antenna ;  S,  spark  balls ;  A',  receiving  antenna ;  B,  oscilla- 
tion detector ;  E,  earth  plates. 

Marconi  then  found  that  the  receiving  instrument  E  is  most  strongly 
affected  when  the  antennas  are  placed  as  shown  in  Fig.  30,  and  with 
horizontal  parts  in  one  vertical  plane.  If,  however,  the  receiving  or 
transmitting  antenna  is  turned  round  into  any  other  position,  the 
indications  in  the  receiving  instrument  rapidly  fall  off  in  intensity ; 
a  variation  of  even  10°  or  15°  from  alignment  generally  sufficing  to 
render  the  signals  insensible. 

Some  experiments  of  the  same  kind  were  made  by  the  author  in 
the  same  year  (see  FhiL  Mag.,  December,  1906,  "  On  the  Electric 
Radiation  from  Bent  AntennsB,"  a  paper  read  before  the  Physical 
Society  of  London,  November  23, 1906,  by  J.  A.  Fleming).  A  vertical 
radiating  antenna  was  employed  consisting  of  a  single  wire  which 
could  be  bent  over  at  various  heights  from  the  ground,  so  as  to  make 
a  bent  antenna  partly  vertical  and  partly  horizontal,  the  ratio  of  the 
horizontal  to  the  vertical  lengths  being  varied  at  pleasure.  A  vertical 
receiving  antenna  was  employed  at  distances  varying  between  80  to 
150  feet,  and  in  the  receiving  antenna  a  hot-wire  oscillation  detector 
of  the  thermoelectric  type,  devised  by  the  author,  was  employed  to 
measure  the  B.M.S.  value  of  the  current  created  in  the  receiving 
antenna.  The  transmittipg  antenna  had  its  horizontal  pait  swivelled 
round  in  various  directions  at  intervals  of  15°,  in  the  several 
positions  the  current  created  in  the  receiving  antenna  was  measured, 
the  oscillations  being  excited  in  the  transmitting  antenna  by  means 

*•  See  British  Patent  Specifications  of  G.  Marconi,  No.  14,788,  of  July  18, 1905. 
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of  a  spark  gap  of  constant  spark  length.  The  total  length  of  the 
transmitting  antenna  was  20  feet,  and  the  height  of  the  receiving 
antenna  was  the  same  length. 

The  foUowing  Table  shows  the  current  in  the  receiving  antenna 
in  arbitrary  units  for  each  position  of  the  horizontal  part  of  the 
transmitting  antenna. 

Radiation  from  a  Bent  Earthed  Tranamitting  Antenna  20  feet  in  total  length. 
Receiving  Antenna  vertical  and  20  feet  high.  Distance  between  receiver  and 
transmitter  188  feet. 

Length  in  feet  of  vertical  part  of 

Transmitter 5  4  8  2  1 

Length  in  feet  of  horizontal  part 

of  Transmitter 16  16         17  18  19 

Radiated  wave  length  in  feet 100        100        106        106        110 


Azimuth  of  horizontal 

part  of 

Current  in 

the  receiving  Antenna  in  a 

urbitn 

Transmitter  in 

degrees. 

units. 

0 

100 

100    100 

100 

100 

15 

98 

97     94 

92 

93 

80 

92 

86     96 

88 

76 

46 

82 

79     79 

77 

67 

60 

78 

74     70 

71 

68 

76 

77 

67     69 

66 

46 

90 

72 

66     67 

62 

48 

106 

71 

65     67 

46 

41 

120 

70 

66     62 

68 

49 

186 

72 

64     60 

64 

48 

160 

78 

80     68 

67 

69 

166 

70 

74     66 

69 

60 

180 

82 

69     64 

68 

68 

These  observations  clearly  confirm  Marconi's  observations  that 
the  radiation  from  a  bent  antenna  is  unsymmetrical,  being  greatest 
in  a  direction  opposite  to  that  towards  which  the  free  end  of  the 
antenna  points.  It  was  also  found  that  by  bending  down  the  free  end 
towards  the  earth,  as  in  Fig.  31 ,  the  radiation  became  still  more 


▼ertioal 


Fio.  81.— Polar  Diagram,  Radii  of  which  denote  Currents  in  the  Receiving 
Antenna  due  to  Radiation  from  a  Bent  Transmitter  placed  in  Various 
Positions. 
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uDsymmetrical,  as  shown  by  the  polar  curve  in  Fig.  31,  in  which  the 
rsbdii  represent  the  strength  of  the  currents  in  the  receiving  antenna 
corresponding  to  various  relative  positions  of  the  .horizontal  or  inclined 
part  of  the  transmitting  antenna.  It  will  be  seen  from  the  polar 
curve  that  the  tipping  down  of  the  horizontal  part  causes  nearly  the 
whole  of  the  radiation  to  be  sent  out  towards  that  side  opposite  to 
which  the  free  end  points. 

Marconi  directed  his  attention  also  to  the  location  of  the  radiant 
point,  and  discovered  experimentally  that  the  form  of  bent  antenna 
which  projects  its  radiation  most  intensely  in  a  direction  opposite  to 
that  in  which  the  free  end  points  receives  or  absorbs  best  radiation 
arriving  on  it  from  the  same  direction.  Hence,  he  employed  such  a 
bent  receiving  antenna  which  could  have  its  horizontal  part  swivelled 
round  its  vertical  part  to  locate  the  direction  of  the  sending  antenna. 
Marconi  also  invented  a  stellate  receiving  antenna  consisting  of  a 
number  of  wires  arranged  in  a  radial  manner  from  a  centre  to  locate 

the  direction  of  a  sending 
station  27  (g©©  Fig.  32).  In 
this  case  a  single  osciUation 
detector  or  receiver  has  one 
terminal  connected  to  an  earth 
plate,  and  the  other  succes- 
sively to  the  inner  ends  of  the 
various  radial  antenna.  Note 
is  then  taken  of  that  posi- 
tion in  which  the  signals  are 
loudest,  and  the  transmitter 
must  then  be  in  a  direction 
opposite  to  that  in  which  the 
free  end  of  that  particular 
radial  receiving  antenna,  thus 
found  to  give  the  best  signals, 
points. 

Marconi  has  given  in  his 
paper  on  directive  antennae  (Joe.  cU,)  a  large  number  of  observations, 
set  out  in  the  form  of  polar  figure-of-eight  curves,  which  delineate 
the  intensity  of  the  radiation  in  various  azimuths  from  bent  antennae 
of  various  proportions  by  the  length  of  their  radii  vectares,  and  also 
the  current  induced  in  such  a  receiving  antenna,  and  its  power  of 
locating  the  direction  of  the  radiant  point.  We  shall  refer  again  to 
his  work  in  the  chapter  on  Eadiotelegraphic  Stations. 

The  observations  of  Marconi,  and  of  the  author  also,  confirm  the 
truth  of  the  deductions  which  can  be  made  from  the  theory  given  in 
§  9.  If  we  plot  out  the  values  of  B  given  by  equation  (17),  §  9  for 
the  electric  force  of  a  bent  antenna  perpendicular  to  and  in  the  equa- 
torial plane  for  some  fixed  value  of  the  quantity  mr,  but  for  varying 
values  of  the  azimuthal  angle  ^,  it  will  be  found  that  they  plot  out 
into  a  figure-of-eight  curve,  such  as  that  in  Fig.  29.  Moreover,  the 
theory  above  given  shows  that  the  non-symmetricality  depends  not 
on  the  distance  r  alone,  but  on  mr,  or  on  the  ratio  of  distance  to  wave 

"  See  G.  Marconi's  British  Patent  Specification  No.  8127  of  February  8, 
1906. 
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length,  and  upon  the  ratio  of  the  lengths  of  the  vertical  and  horizontal 
portions  of  the  antenna. 

This  deduction  also  agrees  with  the  observations  of  Mr.  Marconi, 
who  says  ^8 : — 

"  I  have  observed  that,  in  order  that  the  effects  should  be  well  marked,  it  is 
necessary  that  the  length  of  the  horizontal  conductors  should  be  great  in  pro- 
portion to  their  height  above  the  ground,  and  that  the  wave  lengths  employed 
should  be  considerable,  a  condition  which  makes  it  difficult  to  carry  out  such 
experiments  within  the  walls  of  a  laboratory. 

**  I  have  found  the  results  to  be  well  marked  for  wave  lengths  of  150  metres 
and  over,  but  have  not  been  able  to  obtain  as  well-defined  results  when  employing 
much  shorter  waves,  the  effects  following  some  law  which  I  have  not  yet  had 
time  to  investigate." 

Another  entirely  different  method  of  giving  direction  to  electric 
waves  has  been  devised  by  F.  Braun,  which  depends  upon  the 
interference  of  electric  waves  travelling  in  the  same  direction  but 
different  in  phase.'^  In  Braun's  method,  three  simple  vertical  wire 
antennsB  are  set  up  in  positions  corresponding  to  the  angular  points 
of  an  equilateral  triangle,  and  oscillations  are  created  in  these 
antennas  which  differ  from  one  another  in  phase.  These  oscillations 
with  definite  phase  differences  were  produced  by  a  method  devised 
by  N.  Papalexi  and  L.  Mandelstam.^^  By  these  arrangements  it  is 
possible  to  cause  the  waves  emitted  by  the  three  antennce  to  com- 
bine together  and  assist  one  another  in  certain  directions,  but  to 
neutralize  one  another  in  certain  other  directions. 

The  experiments  were  carried  out  on  a  large  open  space  near 
Strasburg.  Wooden  poles  20  metres  high  were  planted  at  the 
comers  of  an  equilateral  triangle  whose  sides  were  80  metres  long. 
AntennsB  wires  each  approximately  33  metres  long  terminated  in 
wire  netting  stretched  parallel  to  the  ground  and  at  a  small  distance 
above  it.  These  constituted  the  balancing  capacities.  In  the  centre 
of  the  triangle  an  observation  hut  was  constructed  from  which  the 
wires  ran  out  horizontally  to  the  mast  at  a  height  of  2^  metres 
above  the  ground.  At  a  distance  of  1300  metres  a  receiving  station 
was  constructed  and  a  receiving  wire  erected  attached  to  a  pole 
20  metres  high.  In  the  circuit  of  this  receiving  wire  was  placed  a 
hot-wire  oscillation  detector,  by  means  of  which  the  current  in  the 
receiving  wire  could  be  measured. 

In  a  number  of  the  experiments  the  oscillations  in  two  of  the 
transmitting  antennae  were  of  the  same  phase,  but  differed  from 
those  in  the  third  antenna  by  a  definite  amount,  say,  by  100^.  The 
amplitude  of  the  oscillations  in  the  two  antennaB  in  the  same  phase 
was  half  that  in  the  third  antenna.  Under  these  conditions,  if 
observations  are  taken  of  the  current  in  the  receiving  antenna  at 
equal  distances,  but  in  different  azimuths  round  the  triple  transmitter, 
it  is  found  that  In  one  direction  the  radiation  is  a  maximum,  and  in 
the  opposite  direction  it  is  nearly  zero,  varying  in  accordance  with 
the  radii  of  a  polar  curve,  as  shown  in  Fig.  33. 

"  See  Proc,  Boy.  Soc.  Lond.,  voL  77,  A,  p.  415, 1906. 

•»  See  The  Electrician,  vol.  57,  pp.  222,  244,  May  25  and  June  1,  1906.  Prof. 
F.  Braun,  on  Directed  Wireless  Telegraphy. 

»•  See  Science  Abstracts,  vol.  9,  A.,  a&s.  1277, 1906 ;  or  Phys.  Zeitschr,,  vol.  7, 
p.  808, 1906,  **  A  Method  of  obtaining  Oscillations  in  Different  Phases." 
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The  method,  although  iDgenious,  has  Dot  the  simplicity  and  prac- 
ticality of  the  hent  receiving  and  transmitting  antennsB  employed  by 
Marconi. 

Another  system  of  directive  radiotelegraphy  has  been  developed 
by  E.  Bellini  and  A.  Tosi.si     They  employ  a  triangular  aerial  of  a 

form  suggested  by  A.  Artom, 
made  of  two  aerial  wires  sus- 
pended from  one  mast,  the 
upper  ends  being  insulated  and 
the  lower  ends  brought  into  a 
signalling  house,  the  wires  being 


Wf* 


HI 


Fig,  33. 


Fig.  34. — Closed  Circuit  Antenna. 


stretched  out,  as  shovTn  in  Fig.  34,  so  as  to  give  them  the  form  of  a 
triangle  with  its  plane  vertical.  If  oscillations  are  set  up  either  by 
the  direct  coupled  or  inductive  method,  radiation  takes  place  from 
this  nearly  closed  antenna  which  is  not  symmetrical  in  a  horizontal 
plane  but  is  greatest  and  equal  in  the  two  directions  in  the  plane  of 


O-M 


'0-60 


the  antenna  and  zero  at  right  angles  to  that  plane ;  in  other  direc- 
tions varying  in  accordance  with  the  radii  to  a  figure-of-eight  polar 
curve,  as  shown  in  Fig.  36. 

SI  See  British  Patent  Specification,  No.  21,299,  of  September,  26,  1907.    Also 
The  Electrician,  vol.  60,  p.  748, 1908. 
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The  nature  of  the  electromagnetic  field  round  such  a  closed 
oscillator  may  be  illustrated  experimentally  by  means  of  a  pair  of 
antennae,  each  consisting  of  a  long  helix  of  fine  wire,  wound  on  an 
ebonite  rod.  If  these  spirals  H^, 
H2  (see  Fig.  36)  are  joined  at  the 
base  through  a  pair  of  loops  S,  S, 
which  are  acted  upon  inductively 
by  the  oscillations  created  in 
another  pair  of  loops  P,  P,  then 
we  have  oscillations  in  opposite 
phases  created  in  the  two  helices. 
If  the  field  around  is  explored  by 
means  of  a  vacuum  tube  filled  with 
neon  it  will  be  found  that  in  the 
plane  of  the  two  helices  there  is 
a  stray  field,  but  no  field  in  a 
plane  at  right  angles  to  the  plane 
of  the  helices  drawn  through  the 
median  line.  Hence  such  an 
antenna  is  directive  in  radiative 
quality. 

The  inventors  employ  a  transmitting  antenna  and  a  receiving 

antenna  of  the  same  form.     When  used  as  a  receiving  antenna  the 

osciUation  detector,  of  whatever  type  it  may  be,  is  placed  at  the 

centre  of  the  lower  or  horizontal  side  of  the  triangle.     The  intensity 

of  the  oscillations  created  in  the  nearly  closed  receiving  circuit  by 

the  incident  wave  is  then  a  maximum  when  the  plane  of  the  circuit 

coincides  with  the  direction  of  propagation  of  the  waves,  and  zero 

when  it  is  at  right  angles  to  it.     Such  a  circuit  may  be  employed  to 

discover  the  direction  in  which  waves  are  travelling  which  fall  upon 

it  by  swivelling  the  circuit  into  various  positions  round  its  vertical 

axis.     MM.  Bellini  and  Tosi,  however,  prefer  to  construct  and  erect 

two  such  circuits  at  right  angles  to  one  another  at  each  station. 

Each  of  these  circuits  contains  in  its  lower  part  a  coil  which  can 

be  acted  upon  inductively  or  can  act  inductively  upon  another  circuit 

placed  in  an  intermediate  position,  which. last  circuit  either  contains 

the  oscillation  producing  arrangement,  if  it  is  a  transmitter,  or  the 

oscillation  detecting  arrangement,  if  it  is  a  receiver.    The  arrangement 

is   as   shown  in  plan  in   Figs.   37    and    38.     The  pair  of   nearly 

closed  antennse  forming  the  transmitting  and  receiving  arrangement 

respectively,  are  placed  with  their  planes  at  right  angles  and  the  coils 

to   De  acted  upon  inductively,  which  are  inserted  in  their  lower 

portions  respectively  (shown  in  plan),  also  at  right  angles.    A  third 

coil  which  forms,  as  it  were,  the  primary  or  secondary  circuit  of  an 

oscillation  transformer,  is  placed  close  to  and  within  the  other  two 

coils  just  mentioned,  and  in  the  transmitter  this  last-named  coil  is 

conneclied  respectively  with  the  condenser  and  a  spark  gap,  and  in 

the  receiver  with  an  oscillation   detector.    The  coil  in  which  the 

oscillations  are  either  set  up  or  are  detected  is  capable  of  being 

swivelled  round  so  as  to  be  parallel  with  either  of  the  fixed  coils 

contained  in  the  circuits  of  the  pair  or  closed  antennse,  or  else  occupy 

some  intermediate  position. 
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It  is  then  found  that  the  maximxim  intensity  of  the  radiation 
from  this  pair  of  closed  antennas  in  quadrature  or  at  right  angles 
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Fig.  87. — Diagram  showing  in  plan  Bellini  and  Tosi  Grossed 

Closed  Transmitting  Antennae. 
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[Figi,  3i.  36,  3Y,  88,  are  r^trodueedfnm  **  jaeetrical  Bngimering  "  qf 
JVoosmber  U,  1907,  }>yp«rmU»iim  of  the  Itoprietors.] 

Fig.  38. — Diagram  showing  in  plan  Bellini  and  Tosi  Crossed 

Closed  Beceiying  Antenna. 

is  a  maximum  in  the  direction  of  the  plane  of  the  primary  inducing 
qoil  if  we  are  concerned  with  the  transmitter. 
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The  elementary  theory  of  the  Bellini  and  Tosi  compound  directive 
antenna  may  be  stated  as  follows : — 

Consider  a  small  square  oscillator  circuit  placed  with  its  plane 
vertical  to  the  earth  (see  Fig.  39).  Let  the  plane  of  the  oscillator  be 
taken  as  the  plane  of  zy,  and  its  centre  as  origin.  Let  the  horizontal 
plane  xy  be  called  the  equatorial  plane.  We  have  already  obtained 
in  Ohap.  V.  §  13,  equations  (72)  and  (73),  expressions  for  the  electric 
and  magnetic  forces  produced  by  such  an  oscillator.  If  in  these 
equations  we  put  ^  =  0,  we  obtain  the  electric  and  magnetic  force 


Fig.  89. 


Fig.  40. 


components  in  the  equatorial  plane  xy.    For  large  distances  from  the 
oscillator  these  expressions  are — 


„      AMnm  y 

Z  = cos  Y  •  - 

r  ^  r 


a  =  — 


Mm2 


fl  =        COS  Y       „ 


^^X'^ 
^ 


(20) 


If  we  write  cos  0  for  -,  sin  0  for  -,  Ci  for 

^        r  ^        r 


cos  Xf  A^d  ^2  ^^^ 


where  M  is  the  magnetic  moment  of  the  closed  circuit. 

^,  sm  tff  for  -,  Oi  for       — 

f  T 

COS  Xt  ^^  oan  put  the  above  equations  in  the  form — 

Z  =  C^  cos  0,      a  =  — C2  cos2  0,     /3  =  CI2  sin  ift  cos  0 

The  electric  force  Z  is  perpendicular  to  the  equatorial  plane,  and 
the  magnetic  components  a  and  /3  are  in  that  plane.  If  we  draw  a 
radial  line  OP  (see  Fig.  39)  in  the  equatorial  plane  xy  making  an 
angle  0  with  the  y-axis,  and  if  we  represent  the  pair  of  crossed 
closed  oscillators  in  plan  as  in  Fig.  40,  by  the  thick  black  lines  AB, 
CD,  which  denote  the  traces  on  the  oay  plane  of  the  pair  of  closed 
oscillators  with  their  planes  at  right  angles,  it  is  easy  to  see  that  the 
resultant  magnetic  force  in  the  plane  xy  and  perpendicular  to  OP 
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is  /3  sin  ^  —  a  cos  Js  or  C2  sin^  0  cos  0  +  Cg  cos^  0  =r  G2  cos  0.  We 
find,  then,  that  at  r  the  electric  force  is  0^  cos  0  and  magnemc  force 
is  C2  cos  0,  both  being  perpendicular  to  OP  and  at  right  angles  to 
each  other.  Moreover,  both  these  forces  are  proportional  to  the 
apparent  area  of  the  oscillatory  circuit  as  seen  from  a  position  90^ 
removed  in  azimuth  from  OP. 

Consider,  then,  two  such  closed  oscillators,  one  in  the  plane  of  zy^ 
and  the  other  in  the  plane  of  zx,  their  centres  coinciding  with  the 
origin  and  with  each  other.  Let  there  be  a  third  closed  circuit, 
the  trace  of  which  on  the  xy  plane  is  db,  placed  with  its  plane 
vertical  and  centre  coinciding  with  those  of  the  other  two,  but  its 
plane  making  any  angle  <f>  with  the  plane  of  zy.  In  this  last  circuit 
let  oscillations  be  establishedt  These  will  induce  oscillations  in  the 
other  two  circuits,  the  intensities  of  the  induced  oscillations  being 
respectively  proportional  to  G  cos  ^  and  C  sin  ^,  where  0  is  some 
constant.  Hence  the  magnetic  moments  M^  and  Mo  of  the  fixed 
circuits  will  be  proportional  to  C  cos  <f>  and  G  sin  ^  respectively. 
Therefore  the  electric  and  magnetic  forces  at  any  distant  point  P, 
perpendicular  to  OP,  due  to  the  currents  induced  in  these  two  fixed 
circuits  placed  in  the  planes  zy,  zx  respectively  will  be  propor- 
tional to  GGi  cos  if>  cos  0  -J-  ^^1  ^^^  ^  B^^  0  ^^^  ^ 

GG2  cos  ff>  cos  0  -{-  CC2  sin  ^  sin  0 

Accordingly,  the  resultant  fields  due  to  each  will  be  proportional  to 
cos  (0  —  <b).  The  resultant  field  is,  therefore,  a  maximum  for  that 
value  of  0,  viz.  the  azimuthal  angle  which  makes  (0  —  ^)  ==  0.  In 
other  words,  the  radiation  is  most  intense  in  the  direction  of  the 
plane  of  the  primary  inducing  circuit.  If,  therefore,  this  circuit  can 
be  swivelled  round  so  as  to  vary  the  direction  of  its  plane,  we  can 
project  radiation  of  the  maximum  intensity  in  that  direction  and 
hence  to  that  extent  control  the  direction  of  the  radiation.  In  practi- 
cally carrying  out  this  method  the  two  secondary  circuits  connected 
to  the  two  nearly  closed  antennas  are  formed  of  highly  insulated  wire 
wound  at  right  angles  to  each  other  on  a  cylindrical  frame.  In  the 
interior  of  the  cylinder  is  placed  the  primary  coil  capable  of  revolving 
round  the  axis  of  the  cylinder.  It  is  provided  with  an  index  needle 
moving  over  a  graduated  circle  (see  Fig.  41).  This  movable  coil  is 
connected  to  the  condenser  circmt  in  which  oscillations  are  generated 
either  by  the  spark  or  arc  method.  This  coil  can  then  be  swivelled 
round,  and,  acting  inductively  in  varying  degree  on  the  two  fixed 
coils,  as  above  explained,  enables  the  maximum  intensity  of  radiation 
from  the  duplex  antenna  to  be  created  in  the  direction  of  the  plane 
of  the  inducing  or  primary  coil. 

A  similar  arrangement  is  adapted  for  receiving  and  locating  the 
direction  of  the  transmitter.  In  this  latter  case  the  movable  circuit 
is  in  connection  with  the  receiving  dete^ctor.  Supposing  the  waves 
are  incident  on  this  compound  receiving  antennsB  coming  from  a 
certain  direction.  In  order  to  determine  that  direction,  all  that  is 
necessary  is  to  swivel  round  the  secondary  coil  in  direct  connection 
with  the  oscillation  detector  so  as  to  place  it  parallel  to  one  or 
other  of  the  primary  coils  inserted  in  the  closed  circuit  antennaa  or  in 
some  intermediate  position.      Some  position  will  then  be  found  in 
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which  the  indicatioiis  of  the  osoillatioii  detector  are  a  maximum,  and 
when  that  is  the  case,  the  waves  miiet  be  falling  on  the  compound 
snteoDiB  in  the  direction  of  the  plane  of  the  Beoondary  coil  attached 
to  the  ofioillation  detector.  Id  the  same  way,  to  send  out  radiation 
which  ie  a  maumum  in  any  given  direction,  the  coil  in  which  the 
oscillations  are  being  produced  is  swivelled  round  so  as  to  be  parallel 
to  one  or  other  of  the  secondary  coils  inserted  in  the  circuits  of  the 
two  closed  circuit  antenna,  and  the  radiation  will  then  be  a  maximum 
in  the  direction  in  which  that  coil  points.     This  instrument,  which 


enables  the  anteoneB  to  remain  fised,  hut  a  certain  coil  coupled  to  the 
antennte  inductively  to  be  rotated  so  as  to  act  on  or  be  acted  on 
by  either  antenna  more  or  less,  is  called  by  Bellini  and  Tosi  a 
radiogoniometer. 

Bxperimeuta  with  this  system  showed  that  good  results  could 
be  obtained  with  an  expenditure  of  less  than  500  watts  between 
Dieppe  and  Havre  (55  miles  overland)  and  Dieppe  and  Barfleur 
(110  miles  over  sea).  The  angles  between  the  stations,  Dieppe- 
Eavre-Barfleur  is  23",  but  the  Dieppe-Barfleur  transmission  did 
not  aSJect  the  Havre,  nor  did  the  Dieppe-Havre  transmission  affect 
Barfleur.      The  height  of  the  antennes  was  48  metres,  the  wires 
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being  60  metres  long  at  the  base  and  60  long  in  the  inclined  side, 
forming  an  equilateral  triangle,  each  side  of  which  was  60  metres 
in  length.  It  was  also  found  that  this  closed  circuit  system  was 
more  proof  against  disturbances  from  atmospheric  electricity  than 
the  system  employing  open  circuit  antennas. 

By  emplo3ring  a  single  vertical  antenna  coupled  inductively  to 
a  condenser  circuit,  to  which  also  a  pair  of  nearly  closed  circuit 
antennsB  are  coupled  (see  Fig.  42),  the  same  inventors  have  been 
able  to  confine  the  radiation  entirely  to  one  side  of  the  compound 
antennsB  as  indicated  by  the  cardioid  curve  in  Fig.  43. 


[F^».  42  and  43  are  reproduced  from  '*  Electrical  Engineering"  by  permUtion  of  the  Proprietcrt.] 
Fig.  42. — Bellkii  and  Tosi  Compound  Antenna  for  Directive  Badiotelegraphj. 

This  complex  form  of  antenna  is  paorticularly  interesting,  as  it 
affords  an  insight  into  the  possibiHty  of  constructing  compound 
antennsB  which  shall  project  their  maximum  intensity  of  radiation 
in  one  or  more  required  directions,  just  as  a  Fresnel  lens  can  be 
constructed  to  project  the  light  from  a  lighthouse  lamp  along  one  or 
.  more  directions.  The  theory  of  the  action  of  a  complex  antenna 
consisting  of  a  plain  vertical  open  antenna  situated  symmetrically, 
or  at  the  centre  of  a  pair  of  closed  circuit  antennsB  at  right  angles, 
or  in  quadrature  with  each  other,  has  been  given  by  Messrs.  Bellini 
and  Tosi  as  follows  82  : — 

"  See  Messrs.  Bellini  and  Tosi  on  "  A  Directive  System  of  Wireless  Tele- 
graphy,"  Phil.  Mag.^  ser.  6,  vol,  16,  p.  688,  1908 ;  also  Proc.  Phys,  Soc,  Land  , 
vol.  21,  p.  306,1909. 
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We  have  seen  that  the  polar  dia^ro  of  the  enu^  radiation  along 
the  equatorial  plaoe  of  a  closed  oscillatory  circuit  is  a  figure-of-eight 


iX-sL 


Fig.  48. 

iTve,  or  lenuiiBoate,  which  may  be  represented  by  two  oitoles  touch- 
g  each  other  (see  Fig.  44,  a^,  a^). 


If  we  associate  with  the  dosed  circuit  a  vertical  open  circuit  the 
radiation  diagram  of  which  is  a  circle,  b,  the  polar  curve  of  radiation 
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from  this  compound  antenna  is  obtained  by  adding  the  radii  vectors 
of  the  curves  a^,  02,  and  b,  having  regard  to  direction.  We  then 
obtain  the  resultant  curve  c,  which  is  a  heart-shaped  curve,  or 
cardioid,  its  radii  vectors  representing  by  their  length  the  resultant 
field  of  the  compound  antenna  in  various  directions. 

Algebraically  it  can  be  represented  as  follows  : — 

The  electromagnetic  field  produced  by  the  closed  circuit  at  any 
point  of  which  the  radius  vector  makes  an  angle  a,  with  the  direction 
of  maximum  radiation  is  C  cos  a  where  C  is  some  constant,  and  if  we 
denote  the  field  due  to  the  vertical  antenna  at  the  same  distance  by 
M2  and  denote  by  ^  the  phase  difference  between  the  fields  of  the 


0-34 


0-17 


Fio.  45. 

open  and  closed  antennae,  then  the  resultant  field,  I,  will  be  expressed 
by  the  formula — 

I  =  V(M  +  C  cos  a  cos  <f>)^  +  C*  cos^  a  8in2  <f> 
=  \/M2  +^2  cos2  a+~2MG~cos  a  cos ^ 
The  minimum  of  I  with  reference  to  a  is  obtained  when 

cos  a  =  —^  cos  <f> 

This  value  of  cos  a  is  imaginary  when  M  cos  0>C. 

In  the  case  when  M  cos  ^^C,  we  have  Imin  =  M  sin  ^ ;  when 
M  cos  ^>C  we  have 

Imln  =  VM2  +  C2  C082  a  —  2MC  COS  a  COS  ^ 
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In  the  special  case  when  ^  =  0  the  equation  of  the  resoltant 
eleotFomagoetio  field  tr&nBforms  itself  into 

I  =  M  +  C  COB  a 
wbicb  is  the  equation  of  a  curve  that  can   have  three  different 
forms  according  to  the  value  of  the  ratio  ^.     The  curve  represented 

by  the  oonditioD  M  =  G  is  the  cardioid  above  mentioned. 

But  since  in  wireless  telegraphy  the  action  depends  chiefiy  upon 
the  energy,  it  will  be  useful  to  consider  this  in  preference  to  the 
intensity  of  the  electromagnetic  field. 


In  the  ^neral  case  the  energy  radiated  in  the  different  directions 
ie  expressea  by  the  eqo&tion — 

W  =  MS  +  C2  cos^  a  +  2MC  cos  a  cob  ^ 

and  in  the  case  of  the  cardioid  by  the  equation — 

W  =  M*  {1  +  COS  a)^ 

The  con«sponding  curve  is  given  in  Fig.  15. 

I^.  46  represents  the  energy  diagram  in  the  ease  where 

M 

^=0-73  and  ^  =  53° 

Fig.  47  shows  the  same  diagram  for  the  case  where  M  =  2C  and 
^  =  0,  and,  finally,  Fig.  48  the  same  diagram  for  M  —  C  and  ^  ~  90°. 

In  consequence,  one  can  conclude  that  the  shape  of  the  polar 
diagram,  the  radii  of  which  represent  the  energy  radiated  in  the 
different  directions,  depends  upon  the  value  of  the  phase- difference 
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of  the  component  electromagnetic  fields,  and  that  the  superposition 
of  a  circular  system  on  a  directive  system  enables  the  emitted  energy 
in  any  desired  direction  to  be  made  a  maximum. 


0-69 


0-62 


0-37 


The  practical  realization  of  the  superposition  of  the  two  systems 
has  been  effected  by  employing  as  the  directive  system  the  double 


09^ 


Pio.  48. 


closed  circuit  antenna  already  described.     It  was  evident  a  priori 
that,  owing  to  the  different  conditions  under  which  the  radiation 
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from  the  directive  circuit  takes  place  with  reference  to  the  radiation 
from  the  vertical  antenna,  a  phase-difference  between  the  emissions 
of  the  two  systems  should  exist,  for  equality  of  phase  in  the  excita- 
tions. Experiments  have  shown  that  this  phase  difference  is  90^,  or 
near  to  that  value.  The  aerial  of  the  unilateral  system  is  formed  by 
the  aerial  of  the  directive  circuit,  to  which  has  been  added  a  vertical 
antenna  in  a  position  symmetrical  with  reference  to  the  first.  To 
secure  the  simultaneous  excitation  of  the  closed  oscillatory  circuits, 
and  of  the  vertical  antenna,  various  arrangements  have  been  employed, 
which  are  diagrammatically  depicted  in  Fig.  42. 

In  the  first  of  these  arrangements  the  excitations  of  the  two 
systems  are  in  phase ;  in  the  other  three  cases  they  are  in  quadrature. 
Tlie  diagrams  of  the  energy  radiated  in  the  different  directions,  as 
shown  in  Figs.  45  to  48,  are  selected  from  a  large  number  of  polar 
radiation  curves  experimentally  obtained  by  MM.  Bellini  and  Tosi, 
and  figured  in  their  paper  {loc,  cit.). 

The  practical  arrangements  necessary  for  employing  the  Bellini 
and  Tosi  antennsB  in  radiotelegraphy  will  be  considered  in  the  next 
Chapter  on  Eadiotelegraphic  Stations.  Meanwhile  it  may  be  said 
that  it  has  been  applied  with  success  both  on  ships  and  in  shore 
stations,  and  that  the  predictions  of  theory  are  confirmed  by 
experience. 

For  additional  information  the  reader  may  be  referred  to  the 
translation  of  a  paper  by  MM.  Bellini  and  Tosi  which  was  published 
by  Mr.  L.  H.  Walter  in  Electrical  Engineering  f  London)  for  Kovembw 
14,  1907,  vol.  2,  and  March  5,  1908,  vol.  3.  Also  to  their  papers  in 
the  Jahrhuch  der  Drahtlosm  Telegraphie  und  Telephonie,  vol.  1,  p.  598, 
1908 ;  vol.  2,  p.  381,  1909 ;  and  vol.  2,  p.  608,  1909.  Also  to  a  paper 
in  the  Proceedings  of  the  Aeaociazione  Electrotechnica  Italiano,  1909, 
entitled  "  Sistema  di  Telegrafia  senza  fili  dirigible,"  and  to  a  paper  by 
Capt.  M.  Tosi,  in  the  Proceedings  of  the  SocOU  Internationale  des 
ElectricienSy  vol.  viii.,  1908,  entitled  "  T616graphie  et  T616phonie  sans 
fils  dirigibles."  Also  to  the  British  Patent  bpecification.  No.  11,544 
of  1909,  by  Marconi's  Wireless  Telegraph  Company,  Ltd.,  and 
H.  Bound. 

By  those  concerned  with  questions  of  priority  it  may  be  noted 
that  the  inventions  of  the  triangular  aerials  and  radiogoniometer 
above  described  have  been  claimed  by  Prof.  Alessandro  Artom  as 
covered  by  the  patents  granted  to  him  in  Italy,  Nos.  88,766  and 
88,765 ;  France,  No.  378,186 ;  and  Germany,  No.  203,139.  Artom 
described  in  a  British  Patent  Specification,  No.  8097  of  1908,  which 
has  an  effective  date  of  application,  April  11,  1907,  under  the  Inter- 
national Convention,  a  triangular  directive  aerial  similar  in  form  to 
that  figured  in  the  British  Specification,  No.  21,299,  of  MM.  Bellini 
and  Tosi  of  September  25,  1907.  Hence  to  Prof.  Artom  must  be 
given  the  credit  of  priority  in  the  use  of  such  triangular  aerials  as 
shown  in  Fig.  34  of  this  Chapter. 

11.  The  Predetermination  and  Measurement  of  the  Gapaoity 
of  an  Antenna.  — An  important  measurement  in  connection  with  an 
antenna  is  its  electrical  capacity,  as  it  is  upon  this  that  the  current 
into  it  and  therefore  the  radiation  from  it  partly  depends.  There 
are  certain  cases  in  which  we  can  predetermine  with  fair  accuracy 
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the  electrostatic  capacity,  but  then  only  by  certain^  assumptions  as  to 
the  distribution  of  the  charge  upon  it. 

Thus  consider  the  case  of  a  single  circular-sectioned  wire  of  which 
the  length  is  large  compared  with  the  diameter.  If  an  electrical 
charge  is  given  to  it,  then  the  electric  density  or  charge  per  unit  of 
length  would  be  greater  near  the  ends  than  in  the  middle.  The  true 
capacity  of  such  a  wire  can  only  then  be  found  if  it  is  far  removed 
from  all  other  conductors  by  considering  it  to  be  an  extreme  case  of 
an  ellipsoid.  If  we  consider  the  charge  per  unit  length  of  the  wire  to 
be  constant  all  along  it,  and  call  this  density  p,  and  the  length  of  the 
wire  /,  and  its  diameter  d,  or  radius  of  cross-section  r,  then  we  have 
seen  (see  §  7,  Chap.  IE.)  that  an  expression  for  the  potential  V  near 
the  centre  of  the  wire  is  as  follows : — 


V  =  2.^plog.(^  +  A/l+J) 


By  hyperbolic  trigonometry  we  have 

Sinh"*  X  =  log«  {x  +  VT+^) 
Hence  V  =  ^dp  sinh"^  - 

If,  as  usual,  l/d  is  very  large  compared  with  unity,  then 

V  =  2ffrfplog,  - (21) 

The  whole  charge  on  the  wire  Q  is  equal  to  Indp,  and  hence  the 
approximate  capacity  C  =  Q/V  is  given  by 

or  using  ordinary  logarithms  and  reckoning  in  micro-microfarads  we 
have 

°  =  4-6052llog,„  2V^  X  0^  ("'•■'"^^•^    •     "     ^^^ 

We  have  already  pointed  out  that  these  expressions  will  in  general 
assign  a  capacity  rather  smaller  than  that  given  by  actual  measure- 
ment, since  the  formula  is  based  on  the  supposition  that  the  earth  is 
at  a  considerable  distance  from  the  wire.  Nevertheless,  if  we  desire 
to  predetermine  approximately  the  capsboity  of  a  single  veri/  fhifi 
vertical  aerial  wire  having  one  end  near  the  earth,  we  can  do  so  by 
increasing  the  value  given  by  the  above  formulsB  by  about  10  per  cent. 

Thus  a  wire  0*1  inch  in  diameter,  7/22  S.W.Q.  in  size,  and  200  feet 
long,  upheld  in  a  nearly  vertical  position  with  base  near  the  earth, 
was  found  to  have  a  capacity  of  0*00038  mfd.,  whereas  the  above 
formula  would  predetermine  it  to  be  0-00033  mfd 

This  matter  has  been  experimentally  examined  by  A.  E.  Eennelly 
and  S.  E.  Whiting  (see  Elecfrical  World,  New  York,  vol.  48,  p.  1239, 
1906 ;  or  Scimce  Abstracts,  vol.  x.  A.,  1907,  abs.  290). 

If  a  metal  rod  and  plate  are  immersed  in  a  conducting  fluid,  then 
the  electrical  resistance  between  the  plate  and  metal  in  various 
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positdons  is  inversely  proportional  to  the  electrostatic  capacity 
between  them  in  the  same  positions,  if  we  suppose  the  conducting 
fluid  replaced  by  a  dielectric  medium.  Hence,  if  a  copper  wire  and 
large  copper  plate  are  immersed  in  a  solution  of  sulphate  of  copper, 
the  measurement  of  the  resistance  between  them  in  various  positions 
leads  to  a  knowledge  of  the  capacity  of  that  wire  with  respect  to  the 
plate  when  both  are  in  air.  According  to  the  measurements  of  Een- 
nelly  and  Whiting,  the  capacity  of  a  metal  cylinder  80  diameters  long 
is  about  8*9  per  cent,  greater  when  the  lower  end  of  the  cylinder  is 
near  the  ground  than  it  is  when  the  cylinder  is  far  removed  and  in 
free  space. 

It  has  already  been  pointed  out  that  if  a  number  of  insulated 
wires  or  strips  are  placed  parallel  and  near  to  each  other,  the  actual 
measured  capacity  falls  short  of  the  sum  of  the  capacities  of  each  wire 
taken  alone  and  separate  in  space,  by  an  amount  which  is  greater  as 
the  wires  are  nearer  together.  This  is  shown  by  the  figures  in  Table  I., 
obtained  in  the  Pender  Laboratory,  University  College,  London. 

A  number  (1  to  11)  of  flat  iron  strips  about  1  inch  wide,  15  feet 
long,  and  0*05  inch  thick,  were  hung  up  in  a  large  room,  and  the 
capacity  measured  with  the  strips  at  different  distances  apart.  The 
results  in  arbitrary  units  were  as  follows : — 


* 

Table  I. 

DisUnoe  aptrt  in  inches. 

Nomber  of 

-      —  -- 

Sam  of  separate 

stripe. 

capadUes. 

13  Inchcfl. 

1 

6  inches. 

8  Inches. 

Incontsd. 

1 

100        1 

100 

1-00 

lOO 

1-0 

a 

1-74        i 

1-46 

184 

119 

2-0 

3 

2-81 

1-80 

1-61 

1-27 

80 

4 

2-79        : 

210 

1-86 

1-44 

4-0 

5 

8*28 

2-42 

208 

1-46 

6-0 

6 

8-75 

2-70 

2-21 

1-64 

60 

7 

418 

298 

2*86 

1G9 

7-0 

8 

4-61        1 

8*25 

2-62 

1-72 

8-0 

9 

508 

861 

2-68 

1-81 

90 

10 

5-46 

8-77 

2-82 

1-96 

100 

11 

5-90 

1 

400 

2-97 

1*99 

110 

This  result  shows  that  if  a  large  number  of  wires  are  arranged  in 
parallel  to  form  a  cage  or  conical  aerial,  the  capacity  of  the  whole  is 
not  nearly  equal  to  that  of  the  sum  of  the  separate  ynxes  when  very 
far  apart. 

fVom  other  experiments  the  writer  has  found  that  four  equal  and 
parallel  wires,  placed  at  a  distance  of  about  one-fiftieth  of  their  length 
apart,  have  only  twice  the  capacity  of  one  wire,  and  twenty-flve  wires 
only  about  five  times  the  capsbcity  of  one  wire. 

Hence,  in  the  case  of  multiple  wire  aerials,  the  best  way  to 
determine  the  capacity  is  to  measure  it  by  means  of  the  methods 
described  in  Chap.  II.,  with  the  rotating  commutator.^^    However 

**  See  J.  A.  Fleming  and  W.  G.  Clinton,  "  On  the  Measurement  of  Small 
Capacities  and  Inductances,"  Phil,  Mag.,  May,  1908,  ser.  6,  vol.  6,  p.  505. 
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complex  in  form,  the  aerial  has  a  certain  capacity  with  respect  to  the 
earth  which  is  best  expressed  in  micro-microfarads. 

We  give  below,  in  Table  II.,  the  measured  results  obtained  in 
certain  definite  cases,  which  will  be  a  guide  in  estimating. 

TABLE  II. 
Capacity  of  Abbial  Wibeb  ob  Antenna  in  Micbo-miobofa&adb  (mmfds.). 

1  mmfd.  =  10~'  of  a  microfarad. 

A  vertical  wire  0*1  inch  diameter  and  110  feet  long,  with  bottom 

end  5  feet  from  the  earth  suspended  in  the  open  air  ...  ==  205  mmfds. 
A  nearly  yertioal  wire  0*1  inch  diameter  and  200  feet  long,  with 

end  near  the  gromid  suspended  in  the  open  air ^   SOS 

A  single  wire  ship  aerial,  wire^about  0*1  inch  diameter  and  150 

feet  long =   300 

A  yertioal  wire  0*14  inch  diameter  and  12  feet  long,  hung  up  in 

a  large  room =     82 

A  single  wire  of  0*1  inch  diameter  and  14  feet  long,  suspended 

verticaUy  in  a  large  room =     40 

Four  yertical  paraUel  wires  110  feet  long  and  0*1  inch  diameter, 

spaced  6  feet  apart  at  angles  of  a  square =   583 

Twenty-fiye  vertical  wires  0*1  inch  diameter,  200  feet  long, 

arranged  fan-shape  with  top  ends  about  2  feet  apart    .     .    .    =  1640 
One  hundred  and  sixty  wires,  each  0*1  inch  diameter  and  100 

feet  long,  arranged  oonically  with  bottom  ends  together 

10  feet  above  ground  and  top  ends  2  feet  apart =  2685 

Four  vertical  wires  0*1  inch  diameter,  each  46  feet  long,  placed 

fan-shape  in  front  of  a  building  6  feet  apart,  bottom  ends 

10  inches  apart  connected  to  copper  bus  bar =    485 

The  inference  to  be  drawn  from  the  above  figures  is  that,  as  regards 
mere  capacity,  a  few  wires  spaced  far  apart  are  better  than  a  great 
many  close  together.  The  capacity  of  an  aerial  may  be  increased, 
however,  by  adding  metal  cylinders  or  galvanized  iron  wire  netting 
cylinders  at  the  top  to  a  considerable  extent.  Such  capacity  areas,  as 
they  are  called,  are  electrically  equivalent  to  an  increase  in  length  in 
the  wire. 

Otherwise  a  horizontal  length  of  wire  may  be  added  in  one  or 
both  directions  at  the  top  of  a  vertical  wire,  making  what  is  called  a 
T-shaped  aerial  wire. 

In  some  cases  a  number  of  horizontal  wires  are  stretched  parallel 
to  each  other  at  a  height  above  the  ground,  and  a  wire  or  wires 
brought  down  from  them  vertically  at  one  end. 

It  is  quite  easy  to  measure  the  capacity  of  an  aerial  experiment- 
ally, and  thus  accumulate  experience  as  to  the  capacity  of  given 
types  of  antenna.  No  method  is  so  convenient  as  the  rapid  charge 
and  discharge  method  involving  the  use  of  the  rotating  commutator 
described  in  Chap.  II. 

The  antenna  A  is  attached  to  the  middle  brush,  and  one  terminal 
of  a  well-insulated  battery,  6,  and  of  a  movable  coil  galvanometer,  G, 
to  each  of  the  outside  brushes  respectively  of  a  rotating  Fleming  and 
Clinton  commutator,  C  fsee  Fig.  l9).  The  other  terminals  of  battery 
and  galvanometer  must  oe  put  to  a  good  earth,  £.  On  setting  the 
commutator  in  rotation,  the  antenna  is  alternately  charged  by  the 
battery  and  discharged  through  the  galvanometer.  The  antenna 
must,  of  course,  be  well  insulated  at  the  top.     The  process  of 
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calibration  of  the  galvanometer  and  calculation  of  the  capacity  have 
already  been  described  (see  Chap.  II.  §  7). 

Previously  to  taking  a  measurement  of  an  antenna  it  is  always 
necessary  to  determine  its  insulation.  This  can  best  be  done  by 
ascertaining  what  current  as  measured  by  a  sensitive  galvanometer 
can  be  detected  when  this  galvanometer  is  inserted  between  the 
antenna  and  a  battery  having  one  terminal  to  earth  and  the  other  to 
the  second  terminal  of  the  galvanometer. 

For  this  pur]90se  a  battery  of  small  secondary  cells,  say  50  or  100 
cells,  made  up  m  test  tubes,  is  very  useful.  The  battery  must  in 
general  have  an  electromotive  force  of  50  to  200  volts.  A  convenient 
substitute  for  a  battery  is  the 
small  self-exciting  d3mamo  or 
magneto  machine  contained  in  an 
Evershed  and  Vignoles  "  Megger  '* 
for  measuring  insulation  resist- 
ances. This  little  dynamo  has 
an  electromotive  force  of  500  volts 
or  so.  The  first  step  is  to  cali- 
brate a  sensitive  mirror  galvano- 
meter so  as  to  know  the  current 
in  microamperes  corresponding 
to  any  observed  deflection  or  scale 
displacement  of  the  spot  of  light. 
This  being  done,  one  terminal  of 
the  galvanometer  is  connected  to 
the  insulated  antenna,  which  must 
be  previously  disconnected  from 
the  earth  plate,  and  the  other  ter- 
minal of  the  galvanometer  is 
joined  to  the  insulated  terminal 
of  the  battery  or  dynamo,  the 
second  terminal  of  the  latter  being 
connected  to  the  earth  plate. 

We  then  observe  the  deflection 
of  the  galvanometer,  and  deter- 
mine the  current  flowing  into  the 
antenna  in  microamperes.  If  we 
then  determine  the  electromotive 
force  of  the  battery  or  dynamo  in 

volts,  the  quotient  of  this  voltage  by  the  current  in  microamperes 
gives  us  the  insulation  resistance  of  the  antenna  in  megohms.  It  is 
well  to  try  the  experiment  first  with  a  low  voltage  battery  or  single 
cell,  and  a  coarse  galvanometer  or  simple  detector,  lest  there  should 
be  an  accidental  contact  of  the  antenna  with  some  non-insulated  body. 
By  this  means  the  sensitive  galvanometer  will  be  preserved  from 
destruction.  As  might  be  expected,  the  insulation  of  an  ordinary 
antenna  varies  very  much  with  the  weather,  being  extremely  high 
(several  hundred  megohms)  in  dry  frosty  weather  and  very  low 
(perhaps  a  few  hundred  thousand  ohms)  in  wet  weather.  The  capacity 
measurement  should  always  be  made  when  the  insulation  is  very 
high,  as  otherwise  the  charge  pat  into  the  antenna  by  the  battery 

2  T 


Fia.  49.— Mode  of  determining  the 
Electrical  Capacity  of  an  Antenna, 
A,  by  means  of  a  Rotating  Com- 
mutator, G,  Battery,  B,  and  Gal- 
vanometer, G. 
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partly  leaks  out  before  it  oan  be  discharged  through  the  galvanometer 
by  the  rotatory  commutator.  For  this  reason  in  working  the 
arrangement  shown  in  Fig.  49,  for  measuring  the  antenna  capacity 
by  the  commutator,  it  is  always  well  to  make  two  experiments,  one 
with  the  galvanometer  inserted  in  the  charging  circuit,  or  in  series 
with  the  battery,  and  one  with  it  in  the  discharge  circuit  or  in 
parallel  with  the  battery.  The  equality  of  the  capacity  measurements 
in  the  two  cases  is  a  proof  of  the  good  insulation  of  the  antenna.  If 
the  insulation  of  the  antenna  is  very  good,  then  its  capacity  may  be 
determined  by  charging  it  from  a  battery,  say  at  100  volts,  and  dis- 
charging this  charge  into  a  larger  condenser,  say,  of  ^  microfarad  size. 
If  this  process  is  repeated  fifty  to  a  hundred  times,  we  accumulate  a 
large  charge  in  the  large  condenser,  and  this  can  be  measured  in  the 
usual  way  by  the  ''throw  "given  on  a  ballistic  galvanometer  by 
comparing  the  ''  throw  "  given  when  the  accimiulated  charge  in  the 
condenser  is  due  to,  say,  100  discharges  into  it  of  the  antenna  charged 
at  100  volts  with  the  "  throw  "  given  by  the  discharge  of  the  same 
condenser  charged  at  2  volts. 

At  all  radiotelegraphic  stations  regular  measurements  should  be 
made  of  the  insulation  and  capacity  of  the  antenna,  the  former  being 
stated  in  megohms  and  the  latter  in  microfarads  or  micro-microfarads, 
or  in  electrostatic  units  of  which  9  X  10<^  equal  1  microfarad. 

It  is  possible  within  limits  to  predetermine  the  capacity  of  an  aerial 
under  certain  assumptions  as  to  the  distribution  of  the  charge.  Thus 
Prof.  G.  W.  O.  Howe  (see  The  Electrician,  vol,  73,  pp.  829,  859,  906, 
1914)  has  given  formulsB  for  this  purpose  which  can  be  appUed  to 
parallel  ynie  antennae  or  umbrella  antennsB  of  certain  forms. 

If  we  consider  a  long  straight  wire  to  be  made  up  of  short  sections 
of  equal  length  insulated  from  each  other,  and  if  we  imagine  these 
sections  each  to  receive  an  equal  charge  of  electricity  then  each  of 
them  would  have  a  certain  potential.  If  we  suppose  the  units  then 
all  conductively  connected  together  the  charge  would  redistribute 
itself,  and  the  potential  would  become  the  same  for  all  sections. 
This  uniform  potential  will  be  approximately  the  same  as  the  average 
potential  of  the  insulated  sections.  Hence  the  capacity  of  the 
antenna  can  be  calculated  when  we  know  this  average  potential,  for 
it  is  equal  to  the  quotient  of  the  total  charge  by  the  mean  potential. 
Thus  consider  the  case  of  a  long  straight  wire  of  length  I.  Take  any 
point  P  in  it  at  a  distance  al  from  one  end  where  a  is  some  fraction 
less  than  unity.  Then  its  distance  from  the  other  end  is  (1  —  a)l 
The  potential  at  P  which  may  be  denoted  by  Vp,  is  the  sum  of  the 
potentials  due  to  the  two  sections  of  the  wire,  or 

dx         .   ^        /  dx 


V;^2+^2^^'"n„       V/~^+"^ 


This  is  equal  to 


.       /,       2^/      ,       2Zl-fl\ 
27Trp\\oge  —  +  log*  — - — J 


I 


or  to  ^TTTp \\oge  -  +  log«  2 V«(l  —  a) ) 
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The  mean  value  of  log^  ^y/a  (1  —  a)  between  a  =  0  and  a  «  1  is 
—  0*309.    Hence  the  mean  potential  of  the  wire  ii 


V'  =  47rrp(loge'- 0-309) 


This  mean  potential  is  a  little  less  than  the  potential  at  the  centre, 
and  a  littla  greater  than  the  potential  at  the  ends.    The  values  of 

(log^  -  —  0*309  j  for  various  values  of  -  have  been  calculated  by  Howe 
as  follows : — 


r 

log.i 

r 

log* L  -0309. 

4*99 

PeroonUg* 
dilfereooea. 

200 

6*80 

618 

600 

6*88 

607 

61 

2000 

7*59 

7-28 

4-26 

6000 

8-68 

8*87 

8-7 

20000 

9*90 

9*69 

8*2 

40000 

10-69 

10*28 

80 

Hence  for  such  a  straight  wire  of  length  I  cms.  and  diameter  2r  cms. 
and  uniform  electric  charge  27rrp  units  per  centimetre  of  length  the 
mean  potential  when  far  removed  from  the  earth  is  therefore 


V=:47rrp(log,-^- 0*309) 


(24) 


and  the  capacity  in  electrostatic  units  is 

I 
1 


0  = 


2(log.^- 0-309)     . 


(25) 


If,  however,  such  a  wire  is  not  far  from  the  earth  its  potential  will 
be  reduced  and  capacity  increased. 

Suppose  that  the  wire  is  a  vertical  wire  of  length  /,  with  its 
bottom  end  at  a  distance  h  from  the  earth,  and  that  the  wire  has  a 
positive  charge  of  2nrp  units  per  unit  of  length.  Then  there  is  a 
negative  induced  charge  on  the  earth,  and  the  effect  of  this  in  sur- 
rounding space  is  the  same  as  that  of  an  electrical  image  of  the  wire 
or  is  the  same  as  if  there  were  a  wire  with  a  negative  charge  placed 
below  the  surface  of  the  earth  exactly  in  the  position  of  the  optical 
image  of  the  first  wire,  reflected  in  the  earth's  surface ;  the  earth's 
induced  surface  charge  being  removed.  To  find  the  effect  of  this 
image  we  have  to  calculate  the  potential  of  a  uniformly  distributed 
negative  charge  on  a  wire  of  length  Z  at  a  point  on  the  axis  of  the 
wire  produced,  and  at  a  distance  a  from  the  nearest  end  ojf  the  wire. 

It  is  easy  to  show  that  this  potental  is  —2m'p  log,  (-^  j.     We 

may  then  regard  the  potential  of  the  actual  vertical  wire  as  being 
its  own  mean  potential  due  to  its  charge  mintus  a  potential  at  its 
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centre  due  to  the  charge  on  the  image  which  is  at  a  mean  distance 
2A  4*  o  =  ^-     Hence  the  mean  potential  of  the  wire  is 

V  =  2wp(2  log.  ^  -  0-618  -  log.  ||±|) 

If  h  is  small  compared  with  I,  then  the  above  approximates  to 

V  =  27rrp(2  log,  -  —  0-618  ~-  log,  s) 

=  27irp(2  loge  ^  -  1-72) (26) 

The  capacity  of  such  a  vertical  vdre,  with  its  lower  end  near  the 
earth,  is  then 

C  =  %  (electrostatic  units)     .     .     (27) 

2  loge  -  -  1-72 

r 

Suppose  that  a  wire   110  feet  long  and  0-1  inch  diameter  is 
placed  vertically  with  its  bottom  end  5  feet  from  the  ground,  we  have 

-  =  26200,  and  2  log,-  =20-34.     Hence,  since  110  feet  =  3352  cms. 
r  '  ^  r 

we  have 

3352 
20- 


^  ~  '"T^ZZTTtq  ~  ^^  (electrostatic  units) 


or  200  micro-microfarads. 

On  referring  to  Table  II.  on  a  previous  page  it  will  be  seen  that 
the  actual  measured  capacity  of  such  an  antenna  was  found  to  be 
203  mmfds,  or  a  difference  of  scarcely  1  per  cent,  from  the  predicted 
value. 

It  is  clear,  therefore,  that  in  this  case  the  proximity  to  the  earth 
increases  the  free  capacity  of  the  wire  by  about  8  per  cent. 

Suppose  we  then  consider  the  case  of  a  single  horizontal  wire  of 
length  I,  and  diameter  d,  placed  parallel  to  the  earth's  surface,  and 
at  a  height  h  above  it,  the  length  being  great  compared  with  the 
height  h.  It  can  be  shown  that  if  the  earth  were  a  perfect  conductor 
the  capacity  of  that  wire  would  be 

C  =  ii  (electrostatic  units)     .     .     .    (28) 

2  loge  — 
a 

Since  the  earth  is  far  from  being  a  perfect  conductor  the  capacity 
will  not  generally  be  as  large  as  that  given  by  this  formula,  but  it 
will  be  greater  than  that  of  the  same  wire  in  free  space. 

An  important  case  is  that  of  several  parallel  wires,  the  length 
being  great  in  comparison  with  the  distance  between'  them.  This 
has  been  treated  by  Howe.  Let  there  be  n  wires  each  of  length  l, 
and  at  distances  d  apart.     We  have  then  in  the  first  place  to  find  the 
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potential  at  a  point  ontside  a  charged  wire,  and  at  a  distance  d  cms. 
from  it. 

Consider  a  wire  of  length  I  divided  into  two  sections  pi  and  (1  —  )3)/, 
and  take  a  point  at  P  at  a  distance  d  from  the  junction  of  the  two 
sections.     Then  the  potential  at  P  is  equal  to 


Vp  = 


-^^     dn 


-^) 


=  2wrpJlsinh-i  - 


=  27rrpf  sinh"^  -  +  sinh-^        /       )  ^^^curately 

=  27rrp  (^log^ -^  +  log,        "^  ^j  nearly 

If  we  place  n  wires  each  of  length  /  parallel  to  each  other,  and  at 
distances  d  apart,  Howe  shows  that  the  mean  potential  of  the  whole 
group  is 

V  =  47Trp( »  log,  ~  +  log,  -  —  Bj 
and  the  capacity  in  electrostatic  xmits  is 

^  =  7 r^^— 3 \   •   •    •    •   (^^) 

2(nlofo^+log/-B) 
where  B  is  a  function  of  n  as  follows  : — 


No.  of  wires  Value  of 

n.  B. 

2 0 

3 0-46 

4 1-24 


No.  ofwiTee  Valiieof 

n.  B. 

8 6-40 

9 806 

10 9-80 


5 2-26  11 11-66 

6 d-48  12 18*58 

7 4-86 

In  the  case  of  an  actual  antenna  we  have  generally  certain  wires 
which  are  horizontal,  or  nearly  so,  and  certain  leading  down  wires 
which  are  nearly  vertical,  as  in  the  case  of  a  simple  T-aehal  or  Marconi 
directive  aerial. 

Take  the  case  of  the  T-aerial  consisting  of  two  single  wires.  We 
have  then  several  sources  of  potential  for  each  wire.  In  the  case  of 
the  horizontal  wire  we  have  (1)  its  own  charge,  (2)  the  charge  on 
the  vertical  wire,  (3)  the  charge  on  the  image  of  the  horizontal  wire, 
and  (4)  the  charge  on  the  image  of  the  vertical  wire.  Four  similar 
effects  contribute  to  create  the  potential  of  the  vertical  wire. 

In  making  these  calculations,  it  is  most  convenient  to  assume  that 
the  uniform  charge  on  the  antenna  is  everywhere  one  electrostatic  unit 
per  centimetre  of  length.    Then  for  each  wire  we  calculate  the  potential 


646  THE   APPARATUS  OF   RADIO -TELEGBAPHT 

due  to  its  own    charge  from  the  formula  Vi  =  2nog« 0-31  j. 

If  the  wire  is  a  horizontal  wire  at  a  height  h  ahove  the  earth,  then  there 
is  a  negatively  charged  image  at  a  distance  h  below  the  surface, 
and  the  reduction  of  potential  of  the  horizontal  wire  due  to  its  own 
image,  is,  according  to  Howe's  calculations — 


V. = <^-.  ^ + ^  -  VTT^) 

If  the  wire  is  a  vertical  wire  then  the  reduction  of  its  potential 
due  to  the  uniform  charge  on  its  own  image  is — 

where  h  is  the  height  of  the  top  of  the  wire  from  the  ground,  and  a 
is  the  distance  of  the  bottom  end  from  the  ground. 

Howe  has  also  given  formulas  for  predetermining  the  mean 
potential  produced  aU  along  a  given  wire  by  the  uniformly  dis- 
tributed charge  on  a  neighbouring  wire  placed  at  an  angle  to  the 
first  and  in  the  same  or  different  planes.  These  results  have  been 
embodied  in  curves  which  can  be  applied  to  the  case  of  umbrella 
antennsB.  But  for  these  we  must  refer  the  reader  to  a  paper  on  "  The 
Capacity  of  Aerials  of  the  Umbrella  Type,"  by  Professor  G.  W.  O. 
Howe,  in  The  Wireless  World  for  October,  1916,  p.  426.  As  an 
illustration  of  his  method,  Howe  gives  the  following  calculations  for 
a  simple  T-aerial. 

The  length  of  the  vertical  part  is  100  feet  =  ^,  the  length  of 
the  horizontal  part  is  200  feet  =  /.  The  semi-diameter  of  the  wire  is 
0-048  inch  =  r,  and  the  ratio  l/r  =  50,000.  Also  the  charge  per  unit 
of  length  =  277rp  =  1.     Then    for    the    horizontal    wire  we  have 

^Uogc 0-31 )  =  20-98,  and   for    the    increase    in    its    potential, 

due  to  the  charge  on  the  vertical  vore,  we  have  one  1*76,  as  given 
from  Howe's  curves  (see  The  Electrician^  vol.  73,  p.  807).  Also  for 
the  reduction  in  potential  to  the  image  of  the  horizontal  wire  we 
have  —0-94 ;  and  for  the  image  of  the  vertical  vrire  we  have  — 0-63. 

Hence,  adding  up  the  potential  of  the  horizontal  wire,  we  have 
as  follows: — 

Potential  due  to  its  own  charge 90-98 

charge  on  vertical  wire 1*76 

charge  on  image  of  horizontal  wire    ...  —  0*94 

„      charge  on  image  of  vertical  wire    ....  —  0*68 


Total  potential   .    .    .  21-17 
In  the  same  way  for  the  vertical  wire  we  have  — 

Potential  due  to  its  own  charge 19*56 

charge  on  horizontal  wire 8*62 

„      charge  on  image  of  vertical  ¥rire    ,    .    .    .  — 1*09 

charge  on  image  of  horizontal  wire    .    .     .  — 1*27 


ft 

I*  }} 


Total  potential  .    .    .      90*88 
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The  total  charge  on  the  wire  is — 

300  X  30-48  =  9150  units 
and  the  mean  potential  is — 

200  X  21-7  +  100  X  20-83 


300 


=  21-06 


© 


Henoe  the  capacity  is  9150/21*06  =  435  E.S.  units  or  483  micro- 
microfarads. 

_____  • 

In  the  same  manner  Howe  shows  that  we  can  approximately 

S redetermine  the  capacity  of  a  10-wire  T-aerial  of  certain  given 
imensions ;  but  for  this  we  must  refer  the  reader  to  his  articles  in 
The  Electrician,  vol.  73 ;  see  also  vol.  77,  p.  880. 

12.  The  Oscillation  Constant  of  an  Antenna.— Another  im- 
portant quantity  connected  with  an  antenna  is  its  oscillation  constant 
which  determines  the  wave  length 
of  the  radiation  emitted  by  it. 
Every  antenna  has  its  own  natural 
period  of  electrical  vibration,  de- 
pending upon  its  capacity  and  in- 
ouctance.  We  may  compare  it  to 
a  straight  elastic  strip  of  steel, 
gripped  at  one  end  in  a  vice.  If 
we  bend  the  strip  and  release  it,  it 
vibrates  isochronously  with  a  time 
period  depending  upon  its  flexural 
elasticity  and  its  mass. 

Consider  the  case  of  a  fan- 
shaped  antenna  wire  having  a  pair 
of  spark  balls  near  the  base  (see 
Fig.  50).  Let  the  balls  be  connected 
with  the  secondarv  circuit  of  an  in- 
duction coil,  and  electric  oscillations 
set  up  in  the  wire.  These  are  exe- 
cuted with  a  certain  definite  time 
period,  depending  upon  the  capacity 
and  inductance  of  the  wire.  In  the 
actual  wire  these  two  qualities  are, 
so  to  speak,  mixed  up  together, 
or  there  is  so-called  distributed 
capacity  and  inductance.  We  can, 
however,  imagine  an  antenna  in 
which  the  capacity  is  all  collected  at 
the  top,  and  the  inductance  alone  left  in  the  wire.  If  the  inductance 
of  the  wire  without  capacity  be  denoted  by  L,  and  the  capacity  at  the 
top  is  denoted  by  C,  then  it  is  evidently  always  possible  to  so  adjust 
the  magnitude  of  C  and  L  that  the  hypothetical  simple  antenna 
has  the  same  electrical  time  period  of  oscillation  as  the  real  complex 
antenna.  In  this  case  the  imaginary  capacity  concentrated  at  the  top 
is  called  the  equivalent  capacity ,  and  the  inductance  of  the  vertical  wire 
without  capacity  is  called  the  equivalent  inductance.    If  the  equivalent 


Fig.  60. — (a)  Real  Fan-shaped  An- 
tenna with  Distributed  Capacity, 
and  (6)  Ideal  Antenna  with  Ca- 
pacity localized  at  the  Summit. 
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capacity  G  is  meaBured  in  microfarads,  and  the  equivalent  indactance 

L  in  centimetres,  then  the  quantity   ^/Ch  is  called  the  oscillation 
constant  (O)  of  the  hypothetical  antenna. 

The  time  period  7'  of  this  last  antenna  is  connected  with  its 

oscillation  constant  by  the  relation  T  =  ^-kkk rp^i. 

-^  6033  X  10« 

The  real  antenna,  which  has  the  same  time  period,  T,  will  also  have 
the  same  oscillation  constant.  We  can,  therefore,  define  the  oscilla- 
tion constant  of  an  antenna  to  be  nimierically  equal  to  the  product  of 
its  natural  time  period,  T,  and  the  constant  5033  X  10^. 

The  mathematical  predetermination  of  the  oscillation  constant 
of  an  antenna,  in  any  but  the  simplest  cases,  presents  great  diffi- 
culties. It  can,  however,  be  obtained  for  a  simple  rod  antenna  as 
follows : — 

Let  I  be  the  length  in  centimetres  of  the  antenna  supposed  to  be 
a  circular-sectioned  wire  of  diameter  d,  and  let  A  be  the  length  in 
centimetres  of  wave  radiated  from  it  when  it  is  giving  its  fundamental 
electrical  oscillation.  Then,  since  the  velocity  of  radiation  is  3  X  IQi® 
cms.  per  second,  if  7^  is  the  natural  time  period  of  oscillation,  we 
must  have — 

7'  = 


3  X  1010 

5A 
Hence  the  oscillation  constant  O  is  nearly  given  by  O  =  q"^iYv4- 

The  relation  between  I  and  A  for  a  single  thin  wire  antenna  is 
expressed  by  A  =  42,  but  for  a  fan  or  multiple  antenna,  such  as  that 
shown  in  Fig.  50,  it  is  more  nearly  A  =  51M,  8^ 

On  the  first  supposition  we  have  O  =  TpTyri*  ^^^  ^^  ^^^  second 

0=-^ 
1200' 

For  multiple  antennaQ  or  antennsB  with  capacity  plates  at  the  top, 
we  cannot  predetermine  the  oscillation  constant,  but  it  can  be  found 
experimentally  with  grest  ease  by  means  of  the  author's  cymometer 
(see  Chap.  VI.  §  15). 

Suppose  any  aerial  or  antenna.  A,  to  be  set  up,  and  that  it  is 
desired  to  ascertain  its  natural  time  period  or  to  adjust  it  to  have  any 
required  time  period.  We  provide  the  aerial  with  a  pair  of  spark 
balls,  S,  at  the  base  inserted  between  the  aerial  and  the  earth  plate, 
and  place  the  Fleming  cymometer,  Cy,  with  its  copper  bar  parallel  to 
and  near  the  base  of  the  aerial  (see  Fig.  51).  We  connect  the  spark 
balls  to  an  induction  coil,  I,  and  set  up  oscillations  in  the  aerial.  The 
handle  of  the  cymometer  is  then  moved  until  the  neon  vacuum  tube 
of  the  cymometer  glows  most  brightly,  and  the  cymometer  will  then 

»*  See  Mr.  H.  M.  Macdonald,  Adam's  Prize  Essay, «» Electric  Waves,"  p.  111. 

»»  See  also  J.  A.  Pollock  (Journal  of  Boy.  Soc  of  New  South  Wales,  1903, 
vol.  87,  p.  198)  who  found  that  for  a  Hertzian  rod  oscillator  the  ratio  of  wave 
length  to  rod  length  was  2*3  to  2*45,  and  therefore  for  an  earthed  rod  oscillator 

-  =  4'6  to  4*9,  or  nearly  5.    See  also  last  section  of  Ohap.  IV. 


i[^^.ig.*i 
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indioate  the  ftmdamental  osoillatioii  oonstaDt  of  the  aeri&l  by  itB 

scale  reading,  sinoe  when  the  cymometer  ie  in  tnne  ^th  the  aerial 

their  osoillatioo  conetaDts  must  agree. 

In  makiDg  this  meaeurement  the  oymo- 

meter  should   be   kept   as    far    away 

from  the  aerial  as  possible,  so  aa  to 

avoid  incraaBing  the  capacity  of   the 

aerial.    We  can  then  insert  indnctonoe 

in  the  earth  wire  of  the  aerial,  or  alter 

its  capacity  mitil  we  give  it  any  required 

oscillation  constant  and  natnral  time 

period. 

Thas,  for  inBtance,  we  may  vary  an 
indactanoe  inaerted  in  series  with  an 
aerial  until  we  give  it  an  oscillation 
constant  of  6  or  10,  correeponding  to  a 
natural  time  period  of  one-millionth  of 
a  second  or  one  haU-millionth  of  a 
second. 

The  meosorement  of  the  oscillation 
constant  of  the  aerial  gives  us  at  once 
the  length  of  wave  radiated  from  it  — 

when  used  as  a  simple  plain  aerial  in    *^«;  "-;"??»  "L^t'f^ 
the  original  Marconi  manner.     For  the        Antenna  by  the  Authot's  Cy- 
velocity    of    electromagnetic    radiation 
being  3  X  lOio  cms.  per  second,  or  10" 
feet  per  second  nearly,  it  follows  that 
the  length  of  wave  radiated  is  nearly 
200  times  the  oscillation  constant,  when 
wave  lengths  are  reokooed  in  feet,  and 
60  times  when  wave  lengths  are  reckoned 
the  rules  are — 

Wave  length  (in  feet)  =  195'56  x  oscillation  constant 
Wave  length  (in  metres)  =  59-6  X  oscillation  constant 

the  oscillation  constant  being  the  square  root  of  the  product  of  the 
capacity  in  microfarads  and  the  inductance  in  centimetres. 

Thos,  for  instance,  an  aerial  set  up  at  Uoiveisity  College,  London, 
bad  the  form  and  dimensions  shown  in  Rg.  52.  The  dimenBioos  are 
given  in  feet  and  inches.  It  was  arranged  as  a  simple  aerial  73  feet 
long.  By  means  of  the  author's  cymometer  placed  near  to  the  lower 
horizontal  bend,  the  oBcillation  constant  was  determined,  and  found 
to  be  1'85.  Hence  the  length  of  the  fundamental  wave  radiated  is 
370  feet,  and  this  is  very  nearly  five  times  the  total  length  of  the 
aerial,  since  5  X  73  ^  365. 

This  measurement  of  the  ratio  of  wave  length  to  antenna  length 
agrees  with  Professor  E.  M.  Macdonald's  theory,  and  with  the 
confirmation  of  it  just  given. 

The  above-described  aerial  wire  then  hod  on  inductance  coU  of 
wire  60  feet  in  length  inserted  between  the  aerial  and  spark  balls,  this 
coil  being  the  secondary  circuit  of  an  oscillation  transformer  (see 


oeoiUation  tnaafonuer  with 
piimary  cironiti;  p,  out  of 
operation ;  E,  earth  plate. 

in  metres.     More  exactly, 
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Fig.  53).  The  total  length  of  the  open  oscillating  circuit  was  now 
73  -|-  60  feet,  or  133  feet.  The  oscillation  constant  was  then  found 
to  be  4*85,  and  hence  the  fundamental  radiated  wave  length  was 
now  970  feet.  This  is  nearly  equal  to  five  times  ^73  +  2  X  60),  thus 
showing  that  the  60  feet  of  wire  wound  on  a  frame  forming  the 
secondary  circuit  of  the  oscillation  transformer  was  equivalent  to 
much  more  than  60  feet  of  addi- 
tional length  to  the  aerial,  owing  to 
its  greater  inductance  per  unit  of 
length.     Hence  a  great  error  may 


^ 


^ 


/r*' 


Ci 


Tolnductioiv 
Coil  *> 


To  Induction. 
Coil 


Fia.  62. — Dixnensions  of  Antenna  at 
University  College,  London,  used  for 
a  Special  Experiment  as  a  Plain 
Aerial. 


Fio.  68. — ^The  same  Antenna  as  in  Fig. 
62,  but  with  an  Inductance  Coil  in- 
serted in  Series  with  it  above  the 
Spark  Balls. 


be  committed  in  estimating  the  radiated  wave  length  even  of  a  single 
wire  aerial,  if  it  is  assumed  (as  some  writers  have  done)  that  the  wave 
length  of  the  radiator  wave  is  four  times  the  total  length  of  wire 
composing  the  aerial,  including  that  of  any  coiled  wire  forming  an 
inductance  in  series  with  \t.^^ 

In  a  third  case,  a  fan-shaped  aerial  of  four  wires,  each  50  feet  in 

*•  See  Messrs.  W.  Duddell  and  J.  E.  Taylor,  **  Wireless  Telegraph  Meaanre- 
ments,"  Journal  Inst.  Elec,  Eng,  Lond,,  1906,  vol.  36,  p.  S41. 
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length  (see  Fig.  54),  and  having  the  secondary  oirouit  of  an  oscillation 
transformer  in  series  with  them,  was  tested  in  the  same  way.  In 
this  case  the  oscillation  constant  was  found  to  be  6*9,  and  the  radiated 
fundamental  wave  length  1380  feet.  The  above  examples  show  how 
much  the  form,  capacity,  and 
inductance  of  the  aerial  affect 
the  wave  length  of  the  radiated. 
Generally  speaking,  great 
errors  have  oeen  made  in 
guessing  or  assuming  the 
radiated  wave  lengths  of  at- 
tenna  in  the  absence  of  careful 
measurements  with  the  cymo- 
meter. 

The  correct  formula  for  cal- 
culating the  wave  length  of 
the  radiated  waves  from  such 
antenna  with    distributed 


nr*" 


7b  /iuU*eeuMt 


an 

inductance  in  series  with  a  coil 
of  localized  inductance  has 
ahready  been  given  in  §  7  of 
Chap.  IV. ;  and  it  can  be  pre- 
determined by  the  equation 
(85)  in  that  section  when  the 
total  inductance  of  the  antenna 
and  that  of  the  coil  is  known. 

18.  The  Earth  Plate  or 
Balancing  Capacity.  —  We 
have  in  the  next  place  to  con- 
sider that  part  of  the  radiator 
which  is  complementary  to  the 
antenna.  The  antenna  itself 
is  analogous  to  one-half  of  a 
Hertzian  oscillator,  and  there 
must  therefore  be  another 
conductor  with  respect  to 
which  the  antenna  has  capacity.  This  may  be  either  a  plate  of  metal 
laid  in  or  on  the  earth  or  a  conductor  consisting  of  wu:es  insulated 
from  it.  Mr.  Marconi  has  always  strongly  held  the  view  that  the 
lower  end  of  the  antenna  should  be  in  good  conductive  connection 
with  the  earth.  On  the  other  hand.  Sir  Oliver  Lodge  has  maintained 
that  the  complement  to  the  antenna  should  be  a  conductor  insulated 
from  the  earth.  We  shall  consider  in  Chap.  IX.  the  function  of  the 
earth  in  radiotelegraphy,  and  shall  therefore  not  discuss  here  the 
reasons  for  and  against  a  conductive  earth. 

If  an  earth  plate  is  used  it  should  consist  of  copper  plates  or 
wires  well  connected.  They  may  lie  on  the  ground  or  be  buried  in 
the  ground  as  an  earth  plate.  They  should  extend  away  from  the 
foot  of  the  antenna  for  a  distance  at  least  equal  to  its  height  and  be 
of  good  conducting  metal.  Some  addition  to  the  damping  is  without 
doubt  introduced  by  the  earth  connection,  but  there  are  ways  of 
compensating  for  it ;  for  although  connection  to  earth  may  increase 


Fxo.  54. — Determination  of  the  Osoillation 
Constant  of  a  Fan-shaped  Antenna  by 
the  Cymometer. 


J 
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the  decrement  of  an  oscillator,  the  decrement  can  also  he  decreased 
hy  the  addition  of  inductance  and  capacity  to  it.  Hence  we  may 
compensate  for  one  hy  the  other.  In  numerous  cases  the  use  of 
a  halancing  capacity  perfectly  insulated  from  the  eiEirth  is  impracti- 
cable. When  an  earth  plate  is  employed  certain  precautions  should 
be  taken  in  making  it.  It  is  desirable  in  the  first  place  to  have  it  in 
two  separate  portions,  so  that  the  resistance  to  earth  can  be  measured 
by  measuring  the  resistance  between  the  two  earth  plates.  This 
cannot  be  done  when  the  plate  is  in  one  piece.  Also,  if  possible, 
provision  should  be  made  for  wetting  the  earth  plate  and  for 
examining  it  periodically  to  see  if  corrosion  has  set  in. 

The  form  of  this  plate  is  important.  It  is  found  that  long  narrow 
strips  give  less  earth-plate  resistance  than  a  single  square  or  round 
strip. 

The  general  theory  of  earth-plate  resistance  is  as  follows :  Let  a 
conductor  of  any  form  be  supposed  to  be  buried  in  an  infinitely 
extended  medium  of  resistivity,  p.  Then  suppose  the  conductor  buried 
in  the  medium  to  be  charged  to  a  potential  V,  and  to  have  a  charge  Q. 

The  quotient  ^   is  the  capacity  (C)  of  the  body.     Let  /  be  the 

current  proceeding  normally  from  unit  area  of  the  conductor  into  the 
medium.  Let  E  be  the  normal  electric  force,  and  dn  an  element  of 
length  of  the  normal,  and  dS>  an  element  of  surface  of  the  conductor. 
Then— 


dW 
—  -7-  =  B        and 
dn 


jB^  =  47rQ 


also     -j-dn^  ^/^S  =  iWn  by  Ohm's  law 

dn  d&  ^ 

Hence    pjld8  =  lmS  =  inQ 

or    -^  =  =U=7-  =  K  =  conductance  of  the  dielectric 
p\  V 

Therefore    —  C  =  K 
P 

^°^    E  =  «=4fe ^^') 

Hence  the  total  resistance  of  the  buried  conductor  is  numerically 
equal  to  the  quotient  of  the  resistivity  of  the  surrounding  earth  by  the 
capacity  of  the  body  in  homologous  units.  Hence  for  any  given 
position  that  form  of  earth  plate  will  give  the  least  earth  resistance 
which  has  the  largest  capacity. 

In  making  an  '*  earth  '*  we  are  concerned  with  initial  cost  and 
durability.  The  cheapest  form  of  earth  plate  consists  of  a  number  of 
stout,  stranded,  thickly  galvanized  iron  wires,  or,  better,  bare  stranded 
copper  wires  spreading  out  radial-fashion  like  the  roots  of  a  tree 
underground.  In  that  manner  we  obtain  the  greatest  earth-plate 
capacity.  Strips  of  zinc  plate  are  also  often  used.  In  this  case,  how- 
ever, care  must  be  taken  not  to  solder  a  copper  wire  to  the  zinc  if  the 
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joint  is  buried  undergrouDd,  or  else  the  plate  at  the  joint  will  be 
destroyed  by  galvanic  action. 

In  large  stations  the  earth  plate,  when  used,  is  very  extensive. 
It  consists  of  plates  of  copper  laid  in  a  circle  round  the  base  of  the 
antenna  and  connected  by  thick  and  numerous  copper  wires  with  one 
common  earth  terminal.  If  the  ground  is  rocky  or  dry  the  earth 
plate  should  have  a  very  considerable  area  and  extend  as  far  as 
possible  in  the  direction  in  which  the  transmission  of  waves  mostly 
takes  place. 

If  a  balancing  capacity  is  used  it  may  consist  of  wires  radiating 
from  the  base  of  the  mast  or  tower  which  supports  the  antenna,  these 
wires  being  strained  between  insulators  fixed  to  posts  of  such  height 
that  it  is  possible  to  walk  under  the  wires  easily. 

In  the  case  of  portable  or  military  stations  the  earth  plate  is 
formed  of  several  large  sheets  of  copper  gauze  which  are  spread  on 
the  ground  and  kept  in  contact  with  it  by  a  good  many  large  stones 
or  masses  of  earth. 

14.  The  Coupling  and  Excitation  of  the  Oscillations  in  an 
Antenna. — ^In  modem  radiotelegraphy  the  original  or  plain  self- 
excited  Marconi  antenna  is  now  hardly  ever  used. 

Owing  to  the  relatively  small  capacity  of  a  simple  linear  antenna 
wire  with  respect  to  the  earth  the  possible  energy  storage  is  small 
and  in  consequence  of  the  large  radiative  power  of  such  an  oscillator 
this  energy  is  thrown  off  almost  entirely  in  the  first  oscillation  or 
two  that  occur  when  the  spark  takes  place  at  the  spark  balls.  Hence 
the  radiated  wave  train  comprises  at  most  one  or  two  waves.  There- 
fore, the  effect  on  the  receiving  circuit  is  merely  that  due  to  a  tran- 
sitory impulse  and  no  true  syntony  or  tuning  is  possible  between 
transmitter  and  receiver.  Hence  in  modem  radiotelegraphy  the 
antenna  is  connected  either  directly  or  inductively  with  an  energizing 
circuit,  in  which  a  much  larger  store  of  energy  can  be  accumulated 
and  then  given  up  to  the  antenna  as  required.  When  the  inductive 
coupling  is  used  a  two-coil  oscillation  transformer  is  interposed,  one 
circuit  of  which  is  inserted  between  the  antenna  and  the  earth  and 
the  other  connected  with  the  energizing  circuit,  and  in  the  case  of 
the  so-called  direct  coupling  a  single  coil  or  auto-transformer  is 
similarly  employed.  In  both  cases  the  two  coupled  circuits  are 
syntonized  together. 

The  general  theory  of  the  operation  of  such  transformers  when 
both  circuits  have  condensers  attached  to  their  terminals  has  been 
given  in  a  previous  chapter  (see  Chap.  III.  §  14). 

In  the  case  of  an  oscillation  transformer  used  in  the  transmitting 
apparatus,  the  circuit  which  contains  the  spark  gap  and  the  smaller 
of  the  two  inductances,  and  therefore  the  larger  of  the  two  capacities, 
is  called  the  primary  circuit,  whilst  the  other  is  called  the  secondary 
circuit.  When  employed  to  create  oscillations  in  an  antenna,  the 
secondary  circuit  of  the  transformer  is  connected  between  the  antenna 
and  the  earth,  or  else  a  large  capacity  called  the  balancing  capacity 
replaces  the  earth  (see  Mg.  11,  §  5  of  this  chapter).  If  the  antenna 
is  insulated  and  symmetrical,  the  secondary  circuit  is  inserted  in  the 
centre. 

It  is  found  that  no  advantage  ensues  from  winding  the  primary 
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circuit  of  an  oscillation  transformer  used  in  connection  with  a  trans- 
mitting antenna  with  more  than  one  turn  of  wire.  The  inductive 
effect  of  the  primary  circuit  depends  on  the  magnetic  field  it  creates. 
This,  again  y  is  the  result  of  the  ampere-turns  of  the  primary  curreni 
The  current  in  this  circuit  is  chiefly  determined  by  the  inductance 
of  the  primary  circuit,  and  the  efifect  of  increasing  the  turns  on  the 
primary  circuit  is,  on  the  whole,  to  decrease  the  ampere-turns,  since 
the  inductance  varies  as  some  power  of  the  number  of  turns  lying 
between  1  and  2. 

Accordingly,  Mr.  Marconi  constructs  his  "  transmitting  jiggers  *' 
or  oscillation  transformers  for  use  with  sending  aerial  wires  with  one, 
or  at  most  two,  turns  in  the  primary  circuit.  These  may  be  made, 
however,  of  several  single  turns  arranged  in  parallel. 

The  secondary  circuit  generally  consists  of  more  than  one  turn — 
say  five  to  twenty  turns — wound  imder  or  over  the  primary  circuit. 
Very  good  insulation  must  be  secured  between  the  two  circuits, 
and  it  is  necessary  to  immerse  the  whole  coil  in  a  vessel  of 
insulating  oil. 

A  convenient  mode  of  construction  is  to  make  two  square  frames 
of  wood,  each  side  about  50  cms.  in  length,  and  the  width  being  5  to 
10  cms. 

On  one  frame  highly  insulated  and  well-stranded  copper  wire  is 
wound,  a  large  number  of  strands  being  employed  in  parallel,  each 
being  taken  once  round  the  frame.  The  wire  should  be  high  con- 
ductivity copper  wire,  size  No.  40  S.W.G.,  each  wire  sUghtly  insu- 
lated with  varnish,  and  a  large  number  of  these  insulated  wires,  say 
200,  twisted  together  and  insulated  over  all  with  indiarubber,  and  then 
again  a  sufficient  number  of  these  compound  wires  laid  in  parallel 
once  round  the  frame  and  the  ends  soldered  to  copper  strips. 

In  this  manner  we  construct  a  circuit  with  low  high-frequency 
resistance  and  also  small  inductance.  On  the  other  frame  a 
sufficient  number,  say  5  to  10  turns,  of  well-insulated  fine-stranded 
wire  of  the  same  kind  are  wound,  and  the  two  frames  placed  side  by 
side  in  highly  insulating  transformer  oil  in  a  stoneware  (not  metal) 
vessel.  When  joined  respectively  in  series  with  the  condenser  of  the 
energizing  circuit  and  with  the  antenna,  the  two  circuits  of  the  trans- 
former can  be  tuned  together  by  a  supplementary  inductance  coil 
placed  on  one  or  other  circuit. 

In  practice  it  is  advisable  to  employ  oscillation  transformers 
both  in  the  transmitting  and  receiving  apparatus,  which  permit  the 
coupling  to  be  varied  over  wide  limits  by  altering  the  distance  of  the 
primary  and  secondary  circuits.  As  regards  the  transmitter,  this  is 
best  achieved  by  winding  the  primary  and  secondary  oirouits  on 
separate  square  wooden  frames,  which  are  put  together  in  one  stone- 
ware vessel  of  insulating  oil  if  a  closed  coupling  is  required,  or  in 
separate  vessels  separated  from  each  other  by  a  certain  distance  if  a 
weak  coupling  is  required.  In  the  case  of  the  receiving  circuit  where 
a  high  insulation  is  not  required,  the  author  has  found  that  the  best 
way  of  achieving  it  is  to  wind  the  two  circuits  in  flat  spirals  on  the 
surfaces  of  two  hinged  boards,  so  that  they  can  be  approximated  or 
removed  from  each  other  by  opening  or  closing  the  boards,  more  or 
less  like  a  book.      This  plan  is  not  practicable  in  the  case  of  the 
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transmitter,  because  very  high  insulation  is  necessary,  and  the  two 
circuits  must  in  general  be  immersed  in  transformer  oil. 

When  using  a  two-coil  oscillation  transformer  as  a  means  of 
inducing  oscillaidons  in  the  antenna  circuit,  it  is  generally  necessary 
to  insert  also  in  series  with  the  antenna  a  variable  inductance  called 
a  variometer  or  tuning  coil  by  means  of  which  we  can  alter  the 
inductance  of  the  antenna  circuit.  The  antenna  possesses  capacity 
with  respect  to  the  earth  and  also  has  inductance.  The  secondary 
circuit  of  the  oscillation  transformer  inserted  in  series  with  it  has 
also  inductance,  but  it  is  necessary  to  have  the  power  of  varying  the 
total  inductance  so  as  to  make  the  product  of  the  antenna  capacity, 
and  the  total  antenna  inductance  agree  with  the  same  product  for 
the  energizing  circuit  connected  with  it. 

The  usual  form  of  this  variable  inductance  is  a  bare  copper  wire 
spiral  either  flat  or  cylindrical  with  the  turns  not  in  contact.  A 
shifting  connection  allows  more  or  less  turns  of  this  spiral  to  be 
inserted  between  the  earth  plate  or  balancing  capacity,  and  the  lower 
or  earth  end  of  the  oscillation  transformer.  The  arrangement  is 
shown  diagrammatically  in  Fig.  61  in  the  next  section  of  this 
chapter. 

W  hen  an  auto  or  single  coil  transformer  is  used  it  consists  of  one 
single  layer  turn  of  copper  wire  or  tube  wound  into  a  spiral  with 
turns  not  touching.  On  this  spiral  there  are  two  shifting  contacts  or 
travelling  clips  and  one  fixed  end  terminal. 

The  coil  is  by  its  end  terminal  to  the  lower  end  of  the  antenna. 
The  outermost  Ravelling  terminal  is  connected  to  the  earth  plate  or 
balancing  capacity,  and  the  intermediate  travelling  terminal  and  the 
lower  end  of  the  antenna  are  connected  to  the  energizing  circuit. 
By  shifting  the  travelling  terminals  the  two  coupled  circuits  can  be 
tuned. 

IS.  The  Nature  of  the  Oscillations  set  up  in  Intennss  of 
Yarious  Tvpes.—  We  have  in  the  next  place  to  consider  the  nature 
of  the  oscillations  produced  in  various  types  of  antennsB,  and  the 
distribution  of  potential  and  current  along  it.  When  oscillations  are 
taking  place  in  the  aerial,  whether  created  by  direct  charge,  as  in 
the  original  Marconi  method,  or  by  coupling  it  to  another  closed 
oscillating  circuit  directly  or  inductively,  two  conditions  must  always 
hold  good. 

(i.)  There  must  be  a  current  node  at  the  upper  or  insulated  end, 
and  a  potential  antinode  or  loop  at  the  same  place. 

(ii.)  At  the  earth  plate  end  there  must  be  a  node  of  potential  and 
an  antinode  or  loop  of  current. 

On  the  wire  there  will  be  produced,  provided  it  has  a  suitable 
length,  stationary  waves  of  potential  and  current. 

We  have  alr^y  given  (see  Chap,  IV.  §§  1  and  2)  the  theory  of 
the  production  of  such  stationary  waves  on  wires.  A  general  con- 
firmation of  theory  has  been  obtained  from  experiments  made  with 
wire  antennaB  by  Drude,  Braun,  Slaby,  Chant,  and  Ives. 

1.  The  Oscillations  in  a  Simple  Antenna, — Consider  first  the  case 
of  the  original  plain  wire  Marconi  aerial.  Theory  shows  that  when 
oscillations  are  excited  in  it  by  disruptive  discharge,  the  fundamental 
oscillation  is  such  tb^t  the  potential  oscillation  has  no  amplitude  at 
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the  earthed  end,  and  a  maximmn  at  the  insulated  or  top  end,  and 
that  odd  harmonic  oscillations  can  exist,  viz.  the  3rd,  5th,  7th,  etc., 
in  which  there  are  1,  2,  3,  etc.,  nodes  of  potential  in  addition  to  the 
node  at  the  base,  forming  1^,  2^,  3^,  etc.,  semi-waves  of  potential 
distribution  on  the  wire,  as  indicated  hy  the  dotted  lines  in  Fig.  19  of 
Chap.  IV.  In  these  diagrams  the  black  lines  indicate  the  antenna, 
and  the  distance  of  the  dotted  hne  from  it  the  potential  amphtude  at 
that  point.  In  the  same  manner,  there  will  be  loops  and  nodes  of 
current  with  the  condition  that  the  free  end  is  a  node  and  the  earthed 
end  a  loop  of  current. 

Experience  shows  that  it  is  not  easy  to  excite  the  higher  harmonics 
in  a  plain  antenna.  The  most  usual  mode  of  oscillation  is  the  funda- 
mentel.  The  explanation  of  this  is  probably  to  be  foxmd  in  the  fact 
that  owing  to  their  greater  frequency  the  higher  harmonics  are  better 
radiated  than  the  fundamental  vibration.  Hence  the  antenna  tends  to 
get  rid  of  its  harmonic  oscillations,  and  to  keep  going  its  fundamental 
oscillation.  Thus  F.  Braun  explored  the  potential  distribution  in  a 
horizontal  free-ending  wire  attached  at  one  end  to  one  secondary  spark 
ball  of  an  induction  coil,  the  other  ball  being  earthed  or  attached  to  an 
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Fio.  55. — Diagrams  illustratmg  the  Besults  of  Slaby's  Experiments  on  the  Dis- 
tribution of  Potential  along  a  Linear  Oscillator.  The  ordinates  of  the 
curved  line  denote  spark  potentials  at  the  corresponding  points  in  the  -wire. 

equal  wire  or  capacity.^^  Braun  hung  on  to  the  wire  vacuum  tabes  at 
various  places,  each  vacuum  tube  having  a  short  tail  of  wire  attached 
to  its  lower  end,  and  he  found  no  evidences  of  potential  nodes,  but  a 
general  increase  in  potential  along  the  wire  from  the  spark  ball  to  the 
free  end.  Slaby  made  a  more  careful  exploration,  measuring  the 
potential  at  each  point  in  the  antenna  by  means  of  a  spark  micrometer 
consisting  of  a  blunt  metal  point  opposed  to  a  flat  surface  of  carbon, 
the  distance  being  capable  of  adjustment  by  a  fine  screw.^  He 
earthed  one  of  the  secondary  spark  balls  of  an  induction  coil,  and 
attached  to  the  other  a  horizontal  wire  antenna  10  metres  long  and 
1  mm.  in  diameter.  He  explored  the  distribution  of  potential  along 
this  wire.  He  found  a  distribution  of  potential  as  represented  by  the 
ordinates  of  the  dotted  line  in  Fig.  55,  showing  the  existence  of  a 
stationary  wave  of  potential  in  the  wire  with  a  minimum  in  the  middle 
of  its  length.     Higher  harmonics  were  absent.     If  two  equal  insulated 

•'  F.  Braun,  Phys,  Zeitschrifi,  1900,  vol.  iii.  p.  148. 

>•  See  A.  SlBkhy,  ElektrotechMsche  Zeitschrift,  1902,  p.  168;  or  T^  Elecirieiany 
1902,  vol.  49,  p.  6. 
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antennffi  were  attached  to  the  two  spark  balls,  then  a  regular  distribu- 
tion of  increasing  potential  was  found  in  each  wire,  as  shown  by  the 
ordinates  of  the  dotted  line,  where  the  abscissas  represent  distance 
from  the  spark  balls  of  the  coil,  and  the  ordinates  the  micrometer 
spark  length  or  potential  amplitude  at  that  point  in  the  antenna. 

G.  A.  Chant  has  also  made  similar  measurements,  using  a  form  of 
Eutherford  magnetic  detector  attached  to  the  horizontal  antenna  by 
which  to  measure  the  potential  or  current  at  that  point  in  the  wire.8* 
He  employed  as  antenna  a  bare  copper  wire  0*7  mm.  in  diameter, 
stretched  horizontally,  and 
attached  one  end  to  one 
secondary  spark  ball  of  an 
induction  coU,  the  other  ball 
being  either  (1)  earthed, 
(2)  attached  to  an  equal 
antenna,  or  (3)  left  insu- 
lated. He  varied  the  length 
of  the  antenna  from  500  to 
2000  cms.,  and  delineated 
a  series  of  curves,  the  ordi- 
nates of  which  represent 
the  potential  amplitude  in 
the  antenna  and  theabscissse 
distances  from  the  free  end. 
In  the  case  when  one  spark 
bi^was  earthed  these  curves 
show  a  general  increase  in 
potential  along  the  wire  from 
the  spark  balls  to  the  free 
end,  but  the  curve  is  some- 
what irregular;  and  in  the 
case  of  the  antenna  1000 
cms.  long  there  is  a  decided 
minimum  or  node  of  poten- 
tial at  150  cms.  from  the  free 
end  (see  Fig.  56,  curves  A). 

In  the  case  when  one  spark  ball  of  the  coil  was  not  earthed 
(curves  C)  there  was  no  general  rise  of  potential  along  the  antenna 
attached  to  the  other  ball,  but  a  series  of  nodes  and  loops  of  potential, 
the  nodes  appearing  at  distances  130,  425,  715,  1000  cms.  from  the 
end  of  the  antenna  1000  cms.  long.  These  clearly  correspond  to  a 
stationary  harmonic  oscillation  of  3^  semi- waves  of  potential,  each 
having  a  wave  length  of  580  cms.  For  3  X  290  + 130  =  1000,  and 
as  we  always  find  that  the  final  semi-loop  is  less  than  one-quarter  of 
a  wave  length,  in  fact,  nearly  one-fifth  of  a  wave  length,  this  agrees 
with  the  above  observations. 

Hence  we  can  say  that  experiment  confirms  the  theory  that  the 
excitation  of  electric  oscillations  in  a  simple  vertical  antenna,  earthed 
at  its  lower  end  through  a  spark  gap,  results  generally  in  the  production 

**  See  C.  A.  Chant,  '*0n  the  Variation  of  Potential  along  Transmitting 
Antenna  in  Wireless  Telegraphy,*'  The  American  Journal  of  Science,  January, 
1904,  vol.  17. 
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FiQ.  66. — Onrvee  obtained  by  Chant,  repre- 
senting the  Potential  Distribution  in  a 
Linear  Oscillator  directly  charged.  Curves 
A,  one  spark  ball  earthed ;  Curres  B,  equal 
wires  atteched  to  spark  balls ;  Curves  C,  one 
spark  ball  insulated. 
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of  the  fundamental  oscillation  of  the  antenna  with  a  potential  ampli- 
tude, increasing  all  the  way  up  the  wire  from  the  bottom  or  earthed 
end  up  to  the  top  or  free  end.  Also  that  the  length  of  the  '^'nre  com- 
prises something  rather  less  than  one-quarter  of  a  wave  of  potential. 

There  seems  to  be  some  diiference  of  opinion  as  to  the  ratio 
betweem  the  wave  length  A  and  actual  length  /  of  a  simple  linear 
Hertzian  oscillator.  If  a  pair  of  rods,  very  thin  compared  with  thdr 
length,  are  placed  in  one  line,  the  total  length  of  the  oscillator  being 
I  then  the  wave  length  of  the  waves  emitted  when  they  are  used  as 
a  Hertzian  oscillator  is,  according  to  the  theory  of  M.  Abraham  ( Wied. 
Ann.,  1898,  vol.  66,  p.  435),  equal  to  2/,  and  Lord  Bayleigh  agrees 
(see  FhiL  Mrig.,  1904,  vol.  8,  p.  105).  According  to  the  theory  of 
Prof.  Macdonald,  the  ratio  is  2'53Z. 

The  experimentally  determined  ratios  lie  between  these  two 
extremes.     Thus  P.  Drude,  for  a  rod  oscillator  of  1  mm.  diameter  and 

4  metres  long,  found  t  =  21  (see  Ann,  der  Physik,  1903,  vol.  11, 

p.  965),  and  this  was  confirmed  by  E.  Conrat.  A  result  in  close 
agreement  for  thin-wire  oscillators  from  8  to  30  metres  long  has 
been  obtained  by  Prof.  G.  W.  Pierce  (see  Proc,  Amer,  Acad,  of  Aris, 
vol.  45,  March,  1910),  who  found  a  mean  value  of  2-094.  On  the 
other  hand,  A.  D.  Cole,  for  an  oscillator  3  mm.  in   diameter  and 

80  mm.   long,  found  j  =  2*52,  which  is  in  accordance  with  Mac- 

donald's  theory.     (See  also  last  section  of  Chap.  lY.) 

For  a  thin  single-wire  Marconi  antenna  of  height  h  the  ratio  t 

may  approach  4,  but  is  generally  a  little  larger,  and  for  a  branched 
antenna  or  thick  rod  experiment  generally  finds  a  ratio  near  to  or 
a  little  below  5. 

2.  The  Oscillations  in  an  Indvctively  Coupled  Antm.na,—yLx.  Chant 
also  studied  the  distribution  of  potential  in  an  antenna  in  which  the 
oscillations  were  excited  inductively  or  by  contact  with  a  closed 
oscillating  circuit.  He  varied  the  length  of  the  antenna  (from  225  to 
1000  cms.)  attached  to  one  terminal  of  the  secondary  circuit  of  the 
oscillation  transformer,  the  other  terminal  of  this  transformer  being 
attached  (1)  to  earth,  (2)  to  an  antenna  of  equal  length,  (3)  to  a  large 
capacity,  and  (4)  insulated  (see  Figs.  57  and  58). 

In  each  case  he  explored  the  potential  dustribution  and  found 
always  a  minimum  of  potential  at  some  distance  between  150  and  200 
cms.  from  the  free  end  of  the  antenna.  In  the  case  of  antennae  longer 
than  500  cms.,  there  seemed  to  be  a  secondary  maximum  of  potential 
between  450  and  600  cms.  from  the  free  end,  and  a  secondary  minimum 
at  about  750  to  800  cms.  from  the  free  end  (see  Fig.  58). 

In  the  majority  of  instances  there  was  no  agreen;ient  between  the 
natural  time  period  of  oscillation  of  the  condenser  circuit  and  that  of 
the  inductively  or  directly  connected  antenna.  Hence  the  oscillation 
created  on  the  latter  was  a  forced  oscillation,  and  the  distance  from 
the  free  end  of  the  wire  to  the  first  minimimi  of  potential  may  be 
taken  as  equal  to  rather  less  than  one-quarter  of  the  wave  length  due 
to  the  closed  circuit  oscillator.  Chant's  conclusions  are  that  by  the 
inductive  method  of  connection  between  non-syntonized  circuite,  we 
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excite  in  the  antenna  chiefly  a  forced  oscillation  due  to  the  condenser 
circuit,  and  that  the  change  in  the  length  of  the  antenna  makes 
but  little  difference  in  the  position  of  the  first  node,  provided  the 
antenna  is  long  enough  to  contain  at  least  one-quarter  of  a  stationary 
oscillation  due  to  the  condenser  circuit.  On  the  other  hand,  in  the 
case  of  the  simple  Marconi  aerial  and  the  antenna  direct-coupled 
to  a  condenser  circuit,  the  principal  oscillation  is  the  fundamental 


9 

B 


s 

K 

o 

p^ 

oa 

o 

> 

<. 

OD 

'A 

U 

H 

^•^ 

•J 

» 

< 


H 

O 


DiBTAHCKS  KBASURED  ALONQ  TEB   WiBB 
FROM  THi:  FrSB  EnD. 


lOOO 


DiSTAHGBS  XEABUBBD  AZ/>NO  THX    WiBB 
FBOM   THB  .FbBB  EhD. 


Chant's  Onrves  ropresenting  the  Potential  Distribution  in  an  Inductively  Ck)upled  Antenna. 

.Pig.  57. — Curves  A.  Inductive  Coupling  of 
Antenna  and  Condenser  Circuit  with 
Balancing  Capacity  at  one  end  of   the 


Secondary  Circuit  of  the  Oscillation  Trans- 
former and  Antenna  attached  to  the  other 
end. 


FiQ.  58. — Curves  B.  Inductive  Coupling  of 
Antenna  and  Condenser  Circuit  with  one 
end  of  Secondary  Circuit  of  Oscillation 
Transformer  earthed  and  Antenna  at- 
tached to  the  other. 


vibration  of  the  antenna  itself;  the  most  effective  arrangement  in 
the  latter  case  being  when  the  fundamental  natural  oscillation  time 
period  of  the  antenna  agrees  with  that  of  the  condenser  circuit  (see 
Kg.  59). 

In  connection  with  this  part  of  the  subject  the  reader  may  be 
referred  to  an  interesting  paper  by  Mr.  J.  E.  Ives,  on  the  '*  Wave 
Lengths  and  Overtones  of  a  Linear  Electrical  Oscillator*."  See 
Physical  Beview,  vol.  30,  February,  1910. 

The  case  to  which  the  chief  technical  interest  attaches,  however, 
is  that  in  which  the  natural  free  time  period  of  the  condenser  circuit 
agrees  either  with  the  fundamental  natural  free  period  of  the  coupled 
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antenna  or  with  a  harmonic  of  the  latter,  the  coupling  not  being  very 
close,  that  is,  the  "coefficient  of  coupling,**  k,  being  not  greater 
than  01. 

We  have  seen  in  Chap.  III.  §  11,  that  when  the  two  circuits  of 
an  oscillation  transformer  are  syntonized,  or  have  the  same  oscillation 
constant  (VCL)  when  separate,  then  when  associated  together  induc- 
tively the  potential  differences  created  at  the  terminals  of  the  con- 
densers on  the  primary  and 
secondary  circuits  are  in  the 
ratio  of  these  capacities,  and 
not  in  the  ratio  of  the  number 
of  turns  on  the  two  circuits 
of  the  oscillation  transformer. 
Also  we  have  seen  that 
oscillations  of  two  frequencies 
are  then  set  up  in  the  cir* 
cuits.  We  can  not  only  re- 
solve the  complex  vibration 
which  then  occurs  in  each 
circuit  mathematically  into 
two  constituent  components, 
but  we  can  by  means  of 
the  oscillograph  tube,  and  the 
cymometer,  actually  see  the 
electrical  beats,  and  detect 
or  measure  the  wave  length 
of  the  two  components. 

If  we  connect  a  Gehrcke 
oscillograph  vacuum  tube 
(see  Chap.  I.  §  6,  Fig.  39)  to 
the  terminals  of  the  con- 
denser or  across  parts  of  the 
inductance  of  the  secondary 
circuit,  then,  as  explained 
already,  the  length  of  the  glow  light  on  the  electrodes  of  the  vacuum 
tube  will  vary  proportionately  to  their  potential  difference.  If,  then, 
the  tube  is  examined  in  a  rapidly  revolving  mirror,  making  from  50 
to  100  turns  per  second,  the  recurrent  images  of  the  glow  light  will 
be  separated  out,  and  we  shall  see  a  series  of  bright  hnes  of  greater 
or  less  lengths  which  denote  the  varying  currents  or  potential  differ- 
ences in  secondary  circuit. 

If  we  examine  in  this  way  the  oscillations  in  a  primary  circuit 
with  secondary  circuit  removed,  we  see  an  image  consisting  of  a 
series  of  decreasing  lines  which  is  the  single  damped  oscillation  in 
the  circuit  {oee  Fig.  40,  Chap.  I.).  If,  however,  the  secondary  circuit 
is  closed,  tnen  the  image  is  as  represented  in  Fig.  22,  Chap.  III., 
which  are  from  photographs  taken  by  Hans  Boas  of  Berlin. 

This  last  photograph  shows  the  electrical  beats  in  the  secondary 
oscillation,  the  gradually  increasing  and  diminishing  oscillations 
being  the  result  of  the  superposition  of  two  sets  of  oscillations  of 
different  frequencies. 

The  same  electrical  beats  are  well  shown  in  the  photographs  of 
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Fig.  59. — Chant's  Curves  representing  the 
Potential  Distribution  in  an  Antenna  Wire 
coupled  direotly  to  a  Condenser  Circuit, 
with  a  Balancing  Capacity  instead  of  Earth 
Connection  to  the  latter. 
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the  oscillations  in  coupled  circuits,  taken  by  Professor  Taylor  Jones 
(see  Mg.  ^0,  Chap.  HI.),  with  a  mirror  oscillograph  of  his  own 
invention  (see  FhiL  Mag.,  August  1907,  p.  238),  which  represents  the 
oscillation  train  in  the  form  of  a  wavy  line  imprinted  on  a  photo- 
graphic plate,  the  ordinate  of  the  line  at  any  point  representing  the 
periodic  potential  difference  between  two  points  on  the  oscillatory 
circuit. 

The  effect  of  varying  the  closeness  of  the  coupling  {k)  in  an  oscilla- 
tion transformer  is  best  shown  by  drawing  a  series  of  resonance  curves 
with  various  couplings.  When  the  two  circuits  are  syntonized,  but 
the  coupling  is  very  weak,  we  have  seen  that  in  the  secondary  circuit 
there  is  an  oscillation  of  one  single  frequency  of  the  common  period. 
If  then  we  make  slight  variations  in  the  natural  frequency  of  the 
secondary  circuit  by  varying  its  inductance  and  observe  the  current 
(E.M.S.  value)  Jg  in  that  circuit,  and  compare  it  with  the  maximum  or 
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Fio.  60. — ^Resonance  Curves  for  Various  Degrees  of  Closeness  of  Coupling  of 
Primary  and  Secondary  Oscillation  Circuits.  The  curve  with  single  maximum 
corresponds  to  very  loose  coupling,  and  the  curves  with  double  maximum  to 
various  degrees  of  close  coupling  of  the  circuits. 

resonance  value  Jginiw,  we  can  plot  a  resonance  curve  of  which  the 

y  T  \    9 

ordinates  are  the  ratio  (  ^ — ^  -\  and  the  abscissa?  are  the  ratio  '  of  the 

frequencies  in  the  secondary  and  primary  circuits.  We  shall  then  have 
a  curve  with  a  single  maximum  (see  Fig.  63,  Chap.  YI.).  If  the  close- 
ness of  coupling  is  increased,  we  shall  find  that  we  obtain  a  resonance 
curve  having  two  maximum  ordinates  differing  in  absolute  value,  and 

the  curve  resulting  from  the  plotting  of  (  j—^—  )  in  terms  of  —  has  a 

V«^  2  max  ^1 

double  hump  (see  Fig.  60). 

Again,  if  we  increase  the  value  of  k  still  more,  we  get  a  curve  with 
two  widely  separated  humps  of  different  height,  showing  that  there 
are  two  frequencies  corresponding  to  two  maximum  values  of  the 
secondary  current.  Thus  the  more  we  increase  k  the  wider  apart 
and  the  higher  do  these  two  maxima  of  antenna  current  lie.  We 
have  already  shown  (see  Chap.  III.  §  14)  that  the  ordinate  y  of 

the  resonance  curve,  where  y  =  (  ^   ^    ),  is  connected  with  the  sum 

of  the  decrements  8^  and  82  ^^  ^^^  ^^^  circuits  separately  by  the 
equation — 


662 


and  it  follows  that — 
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(31) 


y 


2  max' 


(32) 


Since,  then,  there  are  two  values  of  the  frequency  of  the  secondary 
circuit  for  which  resonance  occurs,  which  are  more  widely  separated, 
the  greater  h  (see  Chap.  III.  §  15),  it  follows  that  there  must  be  two 
maximum  values  of  the  ordinate  of  the  resonance  curve. 

This  matter  has  already  been  treated  from  the  theoretical  point  of 
view  in  §  15  of  Chap.  III.,  and  hence  need  not  be  discussed  again 
here. 

I 


a. 


Fig.  61. 

(a)  Antenna  and  Condenser  Circuit  (6)  Antenna  and  Condenser  Circuit 

Inductively  Coupled.  Directly  Coupled. 

Ci,  condenser;  L^,  inductance;  E,  earth  plate ;  C^,  antenna. 

We  have  also  already  considered  the  theory  of  the  oscillation 
transformer  (see  Chap.  III.  §  11)  with  capacity  in  each  circuit,  as 
given  by  Oberbeck,^  and  the  problem  has  been  treated  by  G.  Seibt  ^ 
with  special  reference  to  electric  wave  telegraphy. 

Let  us  consider  first  the  case  of  an  antenna  earthed  through  the 
secondary  circuit  of  an  oscillation  transformer  having  a  certain 
coefficient  of  coupling  k  (see  JB^g.   61).      Let  the  primary  circuit 

"  See  A.  Oberbeck,  WUd,  Ann,  der  Physik,  1896,  vol.  66,  p.  627. 
*^  See  G.  Seibt,  Physikalische  Zeitschrifl,  August  1,  1904 ;  or  L'6clairage 
^lectrique,  October,  1904,  vol.  41,  p.  2. 
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contain  a  condenser  of  capacity  C^,  and  let  the  equivalent  inductance 
of  the  primary  circuit  when  in  presence  of  the  secondary  circuit  of 
the  OBCiUation  transformer,  but  with  the  antenna  and  eartn  removed, 
be  denoted  by  L^.  Then  let  G2  be  the  capacity  of  the  antenna  with 
respect  to  the  earth,  and  L2  the  equivalent  inductance  of  the  antenna 
and  secondary  circuit  of  the  oscillation  transformer.  Let  M  be  the 
mutual  inductance  of  the  two  circuits  of  the  transformer,  and  Y^  and 
V2  the  maximum  values  of  the  potential  differences  of  the  primary 
and  secondary  circuits,  and  I^  and  I^  the  currents  in  them  considered 
as  vectors.  If,  then,  we  assume  that  the  oscillations  are  undamped, 
that  is,  that  the  resistances  of  the  two  circuits  are  negligible,  we  may 
write  the  vector  equations  connecting  potential  and  current  for  the 
two  circuits  as  follows : — 

V2 +7>L2/2 +J^M/,  =  0 (34) 

also  Ji=JpCiVi (36) 

/2=i^C2V2 (36) 

Then,  eliminating  from  the  above  equations  I^,  I2,  V^  and  V2,  we 
have — 

^     ^CiC2(LiL2  -  M2)  ^  Ci02(LiL2  -  M2)      "  •    ^^ '  ^ 
Hence,  solving  this  quadratic  (34) 

^  =  20  ACLik^M^)!  (^1^1  +  ^2^2) . 

±V(CiLi~C2L2)«  +  AC2M25    .    (38) 

Suppose,  then,  that  the  oscillation  constants  of  the  antenna  and 
condenser  circuits  are  made  equal  by.  adjusting  the  capacity  and 
inductance,  so  that  C^L^  =  G2L2  =  GL.  Then  the  above  solution  for 
p^  reduces  to — 

M 
where  k  =  -^       - .     Since/?  =  2irn,  we  may  write  the  solution  in  the 
VLiLg 

above  critical  case  as  follows  : — 

Let  Hq  denote  the  natural  frequency  of  each  circuit  alone,  so  that 

no  ==0^  ~/PT  *  *^^  letpi  and  p2  be  the  two  roots  of  the  equation  (37), 

and  let  p^  =  2^/»^,  and  p^  =  27rn2. 
Then  we  have  from  (39) — 

1 

^1  }      .....     (40) 


(41) 


It  follows  that — 

V- 

2 

and 

k- 

nj2  —  Jig* 

«1«  +  «2* 

I 
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These  equations  show  us  that  if  k  has  any  value  less  than  unity, 
and  if  the  open  and  closed  circuits  have  the  same  oscillation  constant 
when  separate,  then  when  coupled  together  the  oscillation  set  up  in 
the  open  circuit  is  a  complex  oscillation  which  is  composed  of  two 
oscillations  of  different  frequencies,  n^  and  n^.  The  more  nearly  It 
approaches  to  unity,  the  greater  will  be  the  difiference  between  n^  and 
n^t  and  the  difiference  of  either  of  them  from  %. 

Since  the  length  A  of  the  wave  radiated  from  the  antenna  is 
connected  with  the  frequency  n  of  the  oscillations  in  the  antenna  by 
the  equation  u  =  nA,  where  u  is  the  velocity  of  radiation,  viz.  3  X  10i<> 
cms.  per  second,  or  10<)  feet  per  second,  it  follows  that  there  are  two 
waves  of  wave  length  A^  and  Ag  radiated  from  the  tuned  inductively 
coupled  aerial,  and  these  wave  lengths  are  connected  with  the  natural 
fundamental  wave  length  Xq  of  the  antenna  and  associated  secondary 
transformer  circuit,  and  with  the  coefficient  of  coupling  k  by  the 
equations — 

A2  =  AoVl  +  A     I 

2Ao2  =  Ai2  +  V (43) 

•'"'  *  =  VTV ^''^ 

Again,  since  the  wave  lengths  of  the  radiated  waves  are  proportional 
to  the  equivalent  oscillation  constants  O,  we  may  ^rite  the  equation 
(41)  in  the  form — 

20o2  =  Oi2  +  022 (45) 

-§:-;-§: («) 

Also  we  can  calculate  the  relative  energy  of  the  two  secondary 
oscillations  of  frequency,  n^  and  712-  For  the  secondary  current  has  a 
maximum  value  I2  and  therefore  a  maximum  energy  ilj2^2^  =  W. 

But  /gZ  =  C22V22p2  by  (36).    Therefore  W  =  GzhJ^^^'^p^, 

Since  C2L2  is  the  square  of  the  oscillation  constant  (O^)  of  the 
antenna,  we  see  that — 

w  =  0^<?f ^ 
■    Again,  by  (39)  there  are  two  values  of  the  product  O^,  viz. 

If,  then,  W^  and  W2  are  taken  to  denote  the  maximum  energies  of 
the  two  resultant  oscillations  of  frequency,  ni  and  ru,  we  have  by 
(39)  and  (40)— 

W2""l-A;""n22 ^  ^ 

or  the  oscillation  which  has  the  greatest  frequency  has  the  greatest 
energy. 
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The  above  deductions  from  theory  can  be  experimentally  con- 
firmed by  means  of  the  author's  cymometer.  The  following  are  the 
details  of  an  experiment  made  with  an  inductively  coupled  antenna 
at  the  Pender  Laboratory  of  University  College,  London,  which  will 
illustrate  the  facts. 

The  antenna  consisted  of  four  aluminium  wires  each  50  feet  in 
length,  arranged  fan-shape,  the  wires  being  5  feet  apart  at  the  top, 
and  at  the  bottom  joined  to  a  copper  bar  from  which  proceeded  a 
thick  stranded  copper  cable  bent  rectangularly,  and  in  all  23  feet  long. 
The  bottom  of  this  antenna  was  attached  to  one  terminal  of  the 
secondary  circuit  of  an  oscillation  transformer,  consisting  of  a  length 
of  45  feet  of  7/22  copper  wire,  woimd  in  nine  turns  on  a  square 
wooden  frame.  The  other  end  of  this  secondary  circuit  was  earthed. 
The  total  length  of  antenna  from  earth  to  summit  was  118  feet. 
The  antenna  was  arranged  as  in  JB^g.  53.  The  total  capacity  was 
0*000538  mfd.     A  cymometer  was  then  placed  with  its  copper  bar 

Earallel  to  a  portion  of  the  antenna,  and  a  pair  of  spark  balls  inserted 
etween  the  oscillation  transformer  and  the  earth,  so  as  to  form  a 
simple  Marconi  aerial.  Using  the  cymometer  as  described,  the  oscil- 
lation constant  Oq  of  this  antenna  was  foimd  to  be  6*9.  Hence  the 
equivalent  inductance  Lj  of  the  antenna  and  associated  transformer 

f  OQ 

circuit  was  88,500  cms.,  for  0  =  0000538,  and  (6-9)«  =  -j^  X  88500. 

The  primary  circuit  of  the  oscillation  transformer  consisted  of  one 
turn  of  about  6  feet  in  length  of  a  massive  conductor  made  of  seven 
lengths  of  19/22  copper  cable,  arranged  in  parallel,  wound  over  the 
secondary  circuit. 

This  primary  circuit  was  connected  in  series  with  a  spark-ball 
discharger  and  a  glass-plate  condenser,  having  a  total  capacity  of 
0*0357  mfd.  This  closed  circuit  had  its  capacity  0^  adjusted,  so 
that  in  connection  with  the  inductance  L^  of  the  above  thick  circuit 
and  connectors  the  circuit  had  an  oscillation  constant  of  6*9,  equal  to 
that  of  the  antenna  circuit.  Hence  we  have  L^  =  1330  cms.  When  the 
oscillations  were  created  by  connecting  the  spark  balls  to  an  induction 
coil  as  usual,  and  the  antenna  oscillations  tested  by  the  cymometer, 
it  was  found  that  there  were  two  oscillation  periods  in  the  antenna, 
showing  that  it  was  radiating  waves  of  two  wave  lengths.  The 
cymometer  gave  readings  for  the  two  oscillation  constants,  viz. 
Oi  =  8*5  and  O2  =^  5,  corresponding  to  radiated  SBther  waves  of 
1000  feet  and  1700  feet  in  wave  length. 

Hence  Oq  =  6*9,       bi  =  8-5,      and  Og  =  5 
also  Oo2  =  47*6,    Oi2  =  72*2,  and  02^  =  25 

The  condition  to  be  fulfilled  ii 


20o«  =  0,2  +  0,*    or    W+P«!)  =  2 
and  we  see  that — 
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instead  of  being  exactly  equal  to  2*0,  as  it  should  be.  The  difiference 
from  theory  is  only,  however,  2  per  cent.  The  correctness  of  the 
above  formula  connecting  the  values  of  O,  0|,  and  O2  has  been 
also  confirmed  by  the  experiments  of  G.  f^scher  (see  Annalsn  de 
Physih  vol.  22,  p.  266,  1907,  or  Science  Abstracts,  vol.  x.  A.,  1907, 
Ofhs,  702). 

Furthermore,  the  coefficient  of  coupling  Tc  of  the  oscillation  trans- 
former should  be  given  by — 

0,2 -,  0,2 _^ 722 -25-0 
""  0,2  +  O^i      72-2  +  250  "" 

In  Chap.  II.  §  4,  and  Chap.  VI.  §  16,  we  have  already  given 
direct  measurements  of  the  coefficients  of  coupling  of  similarly  con- 
structed oscillation  transformers,  and  shown  that  k  has  a  value  not 
far  from  0*5.  Hence  the  value  deduced  from  the  above  cymometer 
readings  is  likely  to  be  right. 

Again,  since  the  lengths  of  the  two  waves  of  the  radiated  waves 
are  A,  =  1700  feet,  and  X2  =  1000  feet,  the  natural  wave  length  A^  of 

the  free  independent  antenna  should  be^ —n" =  1^^^  feet, 

and  this  agrees  with  the  measurement  of  the  free  oscillation  oQpstant 
6*9,  for  the  radiated  wave  length  is  always  nearly  200  times  the 
oscillation  constant  of  the  antenna. 

We  see  again,  therefore,  how  erroneous  it  is  to  assume  that  tor 
such  a  coupled  aerial  the  radiated  wave  length  is  four  times  the  total 
height  of  the  antenna  plus  the  length  of  its  associated  inductance  coO. 
For  the  antenna,  if  coupled  so  as  to  be  in  syntony  with  the  condenser 
circuit,  radiates  two  waves  of  different  wave  lengths,  neither  of  them 
related  to  the  height  of  the  aerial  by  the  simple  fourfold  relation. 

These  wave  trains  possess  different  maximum  amplitude  and 
different  damping  or  decrements,  and  to  this  matter  we  shall  revert 
again  presently. 

3.  The  Oscillations  in  a  Directly  Couphd  Antenfia,—A  large  nunriber 
of  electric  wave  telegraph  stations  are  equipped  with  transmitters 
consisting  of  a  condenser,  ^park  gap,  and  inductance  in  series  with 
each  other,  one  end  of  the  inductance  coil  being  earthed  and  the 
other  connected  to  an  antenna.  The  condenser  and  spark  gap 
are  in  series,  and  placed  as  a  shunt  across  the  inductance  (see 
Fig.  61  ft). 

Following  an  investigation  of  G.  Seibt,^  we  shall  first  determine 
the  relation  between  the  constants  of  *the  circuit  and  the  frequency. 
Let  Cx  be  the  capacity  of  the  primary  condenser,  and  L^  the  inductance 
of  the  coil  in  series  with  it.  Let  h^  be  the  inductance  of  the  antenna, 
and  C2  its  capacity  with  respect  to  the  earth. 

Let  Ii  be  the  current  through  the  condenser,  I^  the  current  into 
the  antenna,  and  //  the  current  in  the  inductance  coil.  Let  V  be  the 
potential  difference  of  the  terminals  of  the  inductance,  or  of  those  of 

*'  See  G.  Seibt,  PhysikaUsche  Zeitschfiftj  August  1,  1904;  or  L*£clairag6 
^lectriqtie,  October  1, 1904,  p.  27,  **  A  Comparison  between  the  Direct  and  Induc- 
tive System  of  Coupling  in  Transmitters  for  Wireless  Telography." 
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the  oondenser.     Lastly,  let  p  =  27rn,  andy  =  -y/  —  1,  as  usual.    We 
have,  then  the  following  veotor  equations : — 

f'      1 s  >    .  .  .  .  .  m 

also    /i  +  /i'  +  /2  =  0 

Eliminating  the  symbols  for  current  and  potential,  we  have  a 
biquadratic  in  p,  viz. — 

^     ^  O1C2L1L2  ^CA^iLj  ^     ' 

Since  the  above  expression  has  unequal  roots/ it  indicates  that  oscil- 
lations of  different  frequencies  are  set  up  in  the  antenna. 

Suppose  that  the  length  of  the  antenna  is  so  adjusted  that  its  own 
free  oscillation  constant  is  the  same  as  that  of  the  condenser  circuit 
taken  alone,  then  we  shall  have — 

OjLi  =  CgCLi  +  L2)  =  CL,  say 

Under  these  conditions  the  solution  of  the  biquadratic  (49) 
becomes —  _ 


■»■'  o.I  =  cl<'+e) 


/2L12 

hence    P  =  ^ CLi^  +  ^h  ±  ^l-^\    (^^) 
Let  us  write  in  the  above  solution  :; ;,  instead  of  1  +  r^f  ^^^ 

1  —  p2  -Li2 

we  then  have  as  the  solution  in  the  syntonic  case — 

'-^■W^ <«' 

1  1 

or    n  =  o     -y  -  .  .  --/—— (54) 

Hence  there  are  oscillations  of  two  different  frequencies  excited  in 
the  antenna.     Call  these  frequencies  n^  and  n^,  and  let  Wq  =  „     -/nr 
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be  the  frequency  of  the  condenser  circuit  or  antenna  alone.    Then 
we  have — 

"  =  ""4^    ! (56, 

"—'Vt^,  j 

as  the  values  of  these  frequencies. 

Also,  since  u  =  »X,  where  u  is  the  velocity  of  the  waves  radiated 
from  the  antenna,  we  have — 


A2  =  Aq  VI  —  p 


(56) 


as  equations  giving  us  the  wave  lengths  of  the  waves  radiated,  where 
A^  is  the  natural  free  fundamental  wave  length  of  the  aerial. 

On  comparing  the  above  equations  (53)  with  the  similar  equations 
(39)  for  the  inductively  coupled  antenna,  we  see  that  the  quantity 

above  called  p  =X^  appears  in  the  same  place  as  the  coefficient  of 

inductive  coupling  k,  and  may  hence  be  called  the  coefficient  of  direct 
coupling.  Accoidingly,  if  /o  is  small,  that  is,  if  the  antenna  capacity 
is  small  compared  with  that  of  the  condenser,  only  waves  of  one 
wave  length  are  emitted  from  the  antenna,  but  if  the  capacity  of  the 
antenna  is  of  the  same  order  as  that  of  the  condenser  in  the  closed 
circuit,  then  two  waves  of  different  wave  length  will  be  emitted,  as 
in  the  inductively  coupled  case. 

The  method  of  inductive  coupling,  however,  gives  a  great  range  of 
adjustment,  because  we  can  without  altering  the  capacity  of  the 
antenna  or  condenser  vary  k  over  wide  limits  by  moving  the  two 
circuits  of  the  oscillation  transformer  to  or  from  each  other. 

As  in  the  case  of  the  inductive  coupling,  so  in  that  of  the  direct 
coupling,  when  two  different  wave  lengths  are  emitted  in  virtue 
of  syntonism  between  the  open  and  closed  oscillating  circuits, 
these  two  wQ.ves  have  different  maximum  intensities  and  different 
damping. 

It  is,  however,  not  quite  so  easy  to  produce  in  a  direct-coupled 
antenna  oscillations  of  two  frequencies,  as  in  the  case  of  an  induc- 
tively coupled  antenna.  The  reaction  of  the  antenna  on  the  energizing 
or  reservoir  circuit,  on  which  this  duplexing  of  the  frequency  depends, 
is  less  well  marked  in  the  case  of  the  direct-coupled  antenna  than  in 
the  case  of  the  inductively  coupled  one. 

As  an  illustration  of  the  application  of  the  foregoing  formula,  we 
may  give  the  following  measurements  made  with  a  transmitting  plant 
set  up  in  the  Pender  Laboratory  at  University  College,  London.  The 
antenna  is  inductively  connected,  through  an  oscillation  transformer 
having  a  coefficient  of  coupling  0'5,  with  a  condenser  circuit  having  a 
capacity  of  0*025  mfd.  and  an  inductance  of  2000  cms.  The  antenna 
circuit  is  syntonized  with  the  condenser  circuit  separately,  so  that 
each  has  the  same  oscillation  constant  when  uncoupled.  We  have 
then  k  =  0-5,  Cj  =  0*025  mfd.,  L^  =  2000  cms.    Hence  the  oscillation 
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constant  yQ^x  =  707,  and  the  frequency  n^  in  the  condenser  circuit 
taken  alone  is — 

5  X  10«      5      ,^ 

Hence  the  corresponding  wave  length  Aq  is   1400  feet,  since  the 
velocity  of  radiation  is  10^  feet  per  second  nearly.     Accordingly,  we 

have  Vl  +  A;  =  1-224  and  \/l  — jfc  =  0*707,  and  the  two  wave  lengths 
emitted  by  the  coupled  aerial  have  values,  A^  and  A£,  such  that — 

Ai  =  AoVl  —  *  =  1400  X  0-7  =  980  feet 
Ag  =  AoVrr*  =  1400  X  1*224  =  1714  feet 

To  sum  up,  then,  the  effects  taking  place  in  the  case  of  the 
inductive  coupling  of  two  oscillatory  circuits  both  having  capacity, 
inductance,  and  resistance,  are  as  follows : — 

If  the  circuits  are  nearly  syntonized,  that  is,  have  nearly  the  same 
oscillation  constant  or  time  period  of  oscillation  when  free  and  separate, 
then  when  coupled  inductively,  and  oscillations  created  by  discharge 
in  one  circuit,  we  have  in  the  other  circuit  a  complex  oscillation 
which  may  be  analyzed  into  the  sum  of  a  forced  oscillation  and  a  free 
oscillation.  These  combine  to  produce  a  resultant  oscillation  with 
periodic  maxima  resembling  the  efifect  of  heats  in  music,  and  this, 
again,  may  be  analyzed  into  the  sum  of  two  oscillations  of  different 
frequencies.  Nevertheless,  the  resultant  oscillation  has  a  single 
definite  mean-square  or  effective  value  given  by  the  expression — 


J2„   j?2 ®i+_^ 


IGLga     aiog      ^irHn^  -  Wj)2  +  (a^  +  035)2 


(57) 


where  E  is  the  maximum  electromotive  force  acting  in  the  secondary 
circuit  of  inductance  L2,  and  a^  and  a^  are  the  damping  factors,  such 
that  a^  =  2nibi  and  a^  =  2n^,  h^  and  82  being  the  decrements  of  the 
two  circuits  when  separate  (see  Chap.  III.  §  14). 

If  I^  is  the  maximum  value  of  the  primary  current  in  the  con- 
denser circuit,  then  E  =  ^Pili  where  M  is  the  coefScient  of  mutual 
inductance.  But  /j  =  GiYiPi,  and  M  =  k^hil^,  sAsopi^GiLi  =  1 ; 
accordingly — 

E2  ^  ^1! 
L22     X11L2 
Therefore  we  have — 

j2=i^_V-.?L+.«2 1 ^.     (58) 

I6L1L2      aiog      47r2(ni  -  nj)^  +  (^1  +  ^)^ 

The  maximum  value  of  J  takes  place  when  w^  =  n2,  or  when  the 
circuits  are  in  resonance.  Denoting  this  resonance  value  of  the 
mean-square  current  by  J^max,  we  have — 
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Since  OiLini*  =  -j— r,  the  above  equation  may  be  written — 

L2JO         2         OidglOi  +  62) 

This  shows  us  that  the  maximum  or  resonance  value  of  the  secondary 
or  antenna  mean-square  current  is  proportional  to  the  energy  storage 
in  the  primary  circuit,  and  inversely  as  the  reactance  of  the  secondary 
circuit,  and  determined  also  by  a  function  of  the  decrements. 

When  the  circuits  are  in  resonance  we  have  also  CjLjp^  =  1  and 

n  =  — Y\ — ,  where  O  is  the  common  oscillation  constant  of  the  two 

circuits.  If  then  we  reckon  the  primary  and  secondary  capacities 
Gi  and  C2  in  microfarads,  the  primary  voltage  V^  in  volts,  and  the 
inductances  in  centimetres,  and  remember  that  v^  is  nearly  100,  the 
expression  for  J^niax  may  finally  be  put  in  the  form — 

'^  ""■"i000'o'"'2~"8i82(8i  +  82)-     '    '     ^^^^ 

Thus,  suppose  an  inductively  coupled  antenna  has  a  capacity 
G2  =  0*0005  mfd.,  and  that  the  primary  circuit  contains  a  condenser  of 
capacity  G^  =  0026  iWth  a  spark  gap  of  2  mm.  Then  V^  =  8000  volts. 
Let  the  oscillation  constant,  when  the  circuits  are  tuned,  be  O  =  5, 
corresponding  to  a  frequency  of  n  =  10*.  Further,  let  k  =  0*5, 
8^  =  004,  $2  =  0*1.  The  mean-square  value  of  the  antenna  current 
will  then  be — 

1        1     810B 

or  the  antenna  current  will  be  6  amperes  nearly. 

To  secure  this  high  value,  exact  resonance  is  necessary.  A  very 
little  want  of  tuning  will  reduce  this  antenna  current  considerably. 
If  I2  is  the  maximum  value  of  the  first  oscillation  of  current  in  the 
antenna,  and  if  there  are  N  groups  of  oscillations  per  second,  we  have 
already  shown  (Ghap.  III.  §  1)  that — 

''2  -  8n8 

Suppose  in  the  above  case  that  N  =  50,  or  50  condenser  discharges 
are  made  per  second,  then  8nS2  =  ^  X  10^,  and  I^  has  a  value  of 
nearly  780  amperes.  This  calculation  shows  us  the  enormous  currents 
which  may  exist  at  certain  instants  in  a  perfectly  tuned  antenna, 
inductively  coupled  to  a  syntonic  condenser  circuit,  and  also  by 
inference  the  extremely  high  potentials  which  may  exist  at  the  open 
or  upper  end.  For  an  infinitesimal  fraction  of  a  second  the  aerial 
is  carrying  a  current  which  would  more  than  suffice  to  melt  if  it 
continued. 

The  value  of  the  mean-square  current  in  the  antenna  can  alwa]^ 
be  ascertained  by  inserting  in  it  a  hot-wire  ammeter,  or  else  a  bundle 
of  a  number  of  No.  36  platinoid  wires,  and  ascertaining  of  how  many 
strands  this  bundle  must  be  composed,  so  that  the  wires  may  be 
melted  or  made  red-hot. 
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The  value  of  the  maximum  potential  Y^  (max)  At  the  upper  end  of 
the  antenna  can  be  obtained  from  that  of  the  maximum  value  of 
the  current  in  the  following  manner.  Since  the  energy  stored  in  the 
antenna  is  alternately  electrostatic  and  electrokinetic,  if  L2  is  thd 
antenna  inductance  and  G2  the  capacity,  we  must  have — 

L2/2*(n»«)  =  ^2^2*<m*3c) (62) 

Hence      Y2inMx)  =  /2(«n«)\/  q"  =  ^2(«»»«) •  Q- 

Thus,  to  take  the  above  instance,  we  have  found  that  l2(mMx)  =  780 
amperes  for  the  antenna  with  oscillation  constant  of  5  and  capacity 
O2  =  00006  mfd. 

Therefore    Y^^mBx)  =  780  \/ ^  =  260,000  volts  (nearly) 


The  y^lOOO  is  a  factor  to  adjust  the  units,  so  that  whilst  potential 
and  current  are  reckoned  in  volts  and  amperes,  capacity  is  reckoned 
in  microfarads,  and  inductance  in  centimetres. 

Hence  the  voltage  at  the  upper  end  of  this  antenna,  when  in 
resonance,  would  be  equivalent  to  about  a  9-cm.  spark.  Wireless 
telegraphists  are  all  aware  of  the  extremely  long  sparks  which  can 
sometimes  be  drawn  from  the  upper  end  of  antennae.  This  shows 
the  necessity  for  high  insulation  at  the  supporting  insulator. 

16.  Classifloation  of  Methods  for  the  Praotioal  Production 
of  the  Oscillations  in  the  Antenna. — We  have  already  shown  in 
Chap.  I.  that  the  oscillations  which  can  be  created  in  the  antenna  are 
either  trains  of  intermittent  damped  oscillations  or  else  continuous 
undamped  oscillations.  The  former  are  generated  by  the  free  oscil- 
lations of  a  condenser  which  is  charged  and  discharged  through  a  low 
resistance  circuit.  The  latter  are  created  either  by  an  electric  arc  of 
a  particular  kind  or  mechanically  by  a  high  frequency  alternator. 

The  method  employing  the  free  oscillations  of  a  condenser 
necessitates  the  use  of  a  discharger  of  some  kind  which  automatically 
permits  some  form  of  condenser  to  be  charged  and  then  discharged 
at  regular  intervals.  These  intervals  may  be  as  large  as  one-fiftieth 
of  a  second  or  more ;  or  they  may  be  as  small  as  one-thousandth  of  a 
second  or  less.  Low  frequency  discharges  are,  however,  very  little 
used  at  present,  for  with  modem  telephonic  methods  of  reception  the 
pitch  of  the  sound  heard  in  the  telephone  is  that  of  the  spark  or 
discharge  frequency.  It  is  found  that  a  rather  shrill  note  having  a 
frequency  of  about  500  per  second  is  best  heard  over  and  above 
sounds  of  lower  note  due  to  atmospheric  dischargee. 

Again,  the  character  of  this  telephonic  sound  is  greatly  improved 
as  far  as  hearing  is  concerned  by  a  perfect  regularity  in  the  discharge 
period.  Hence  in  most  cases  in  which  intermittent  condenser  dis- 
charges are  employed  to  produce  the  oscillations  we  endeavour  to 
give  to  these  a  perfectly  regular  frequency  of  about  300  to  500. 

Methods  for  producing  such  regular  high  frequency  discharges 
are  generally  called  musical  spark  methods,  because  of  the  character 
of  the  telephonic  sound  produced  by  them.  The  types  of  transmitter 
employing  such  condenser  discharges  are  called  spark  transmitters. 
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Certain  methods  have  been  evolved  as  explained  in  Chap.  I.  for 
producing  condenser  discharges  of  such  high  frequency  that  there 
is  practically  no  interval  of  time  between  the  end  of  one  train  of 
oscillations  and  the  beginning  of  the  next.  Such  closely  sequent 
trains  differ  only  from  continuous  trains  in  that  there  is  a  periodic 
rise  and  fall  in  the  amplitude  of  the  oscillations. 

Furthermore,  in  the  case  of  intermittent  discharges  produced  by 
sparks  the  oscillations  set  up  in  the  primary  or  spark  circuit  may  be 
feebly  damped,  and  may  be  employed  to  produce  simultaneous 
secondary  oscillations  in  the  antenna  circuit  by  means  of  an  oscillation 
transformer  as  already  described.  If,  however,  the  primary  spark 
endures  for  any  finite  time,  there  will  be  an  inductive  reaction  between 
the  secondary  oscillations  and  the  primary  circuit  which  remains  in 
effect  closed  as  long  as  the  spark  endures,  which  results  in  the  produc- 
tion of  a  complex  oscillation  in  both  circuits  resolvable  into  oscilla- 
tions of  two  periods  as  already  explained  in  Chap.  III.  §  6. 

On  the  other  hand,  if  the  primary  circuit  spark  is  very  quickly 
extiaguished,  then  the  primary  condenser  discharge  is  nearly  dead- 
beat.  If  this  discharge  takes  place  through  one  circuit  of  an  oscilla- 
tion transformer,  the  other  circuit  of  which  is  in  series  with  the 
antenna,  then  the  antenna  circuit  is  subjected  to  a  brief  electromotive 
impulse  which  sets  it  in  free  sustained  oscillations.  Such  a  type  of 
primary  spark  is  called  a  qtiencJied  sparky  and  this  mode  of  exciting 
the  oscillations  in  the  secondary  circuit  is  called  the  method  of  shock 
or  impact  as  already  explained  in  Chap.  III.  §  14.  We  need  not, 
therefore,  allude  to  it  here  at  any  greater  length. 

The  particular  forms  of  discharger  used  to  produce  this  effect  are 
described  in  the  next  section. 

We  can,  therefore,  classify  the  methods  so  far  used  for  the  pro- 
duction of  oscillations  in  radiotelegraphic  transmitters  as  follows : — 

(A)  Methods  for  the  production  of  intermittent  trains  of  damped 

oscillations ; 

(B)  Methods  for  the  production  of  continuous  or    imdamped 

oscillations. 

The  damped  trains  may  be  produced  either  by  (a)  regular  or 
musical  spark  discharges,  {b)  irregular  condenser  discharges. 

The  discharges  or  sparks  may  be  (a)  prolonged  or  (J3)  quenched 
sparks.  Each  of  these  types  requires  special  appliances  for  its  pro- 
duction. 

17.  Condensers  for  Radlotele^aphy. — We  have  already  men- 
tioned in  Chap.  I.  the  principle  forms  of  condenser  used  in  wireless 
telegraphy.  We  may  add  here  a  little  more  special  information  on 
the  subject. 

Condensers  are  used  both  in  the  transmitting  and  receiving 
circuits,  but  in  the  former  the  dielectric  has  to  stand  very  consider- 
able voltages,  whereas  in  the  latter  the  electric  pressure  is  very  small. 
Also  the  capacities  required  in  the  transmitting  part  are  much  larger 
than  those  in  the  receiver.  Hence,  in  the  transmitting  condensers 
we  require  dielectric  strength  and  large  capacity.  In  both  cases  we 
desire  as  little  energy  dissipation  as  possible,  because  this  damps  out 
free  oscillations  and  causes  rise  in  temperature. 

In  the  receiving  portion  it  is  best  to  employ,  if  possible,  air 
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coudenBers.  The  choice,  geaerally  speaking,  lies  between  air,  oil,  and 
eboDite  as  dieleotrics.  The  oondensere  used  are  required  to  have 
adjustable  capacity  and  are  generally  made  oa  the  multiple  seotor 
plate  type  with  capacity  varied  by  tuniing  a  shaft  to  which  one  set 
of  plates  is  fixed  as  shown  in  Fig.  72  of  Chap.  L 

Such  a  variable  condenser  is  generally  enclosed  in  a  glass  vessel 

BO  that  it  can,  if  need  be,  be  filled  vrith  oil.     The  use  of  a  mineral  oil 

as  dielectric  would  about  double  the  capacity  as  compared  with  air, 

but  the  advantage  is  a  doubtful  one  as  the  oil  has  certainly  greater 

dielectric  energy  loss  than  the  air,  and  hence  the  result  is  to  destroy 

the  sharpness  of  the  resonance  curve,  and  therefore  of  the  tuning. 

The  same  can  be  said  of  similar  condensers  with  ebonite  as  dielectric. 

A  very  neat  form  of  variable  air  condenser  has  been  introduced  by 

the  Sterling  Telephone  Company  made  on  a  plan  due  to  Seibt.     The 

condenser  is  turned  out  of  a  solid  block  of  aluminiun],  the  plates  or 

blades  of  the  movable  parts  being 

slightly   thinner  than  the    recessed 

grooves  in   the  fixed  part.     Hence 

a  very  thin  air  space  is  left  perhaps 

about  Oa  or  025  mm.      The  con- 

structioD  and  external  appearance  is 


[«y  jxnuiJiJOM  <•}  t**  I'nprittort  tf"TKe  BvtruiiM." 
Fia,  62.— S«ibt  Air  CoDdenser  oi  Variable  Gnpacity. 

shown  in  Fig.  62.  By  cutting  off  the  movable  plates,  so  that  the  top 
ones  enter  slightly  before  the  lower  plates,  it  is  jpossible  to  make  the 
scale  absolutely  equidivisional  in  tenns  of  capacity.  The  condenser 
is  so  compact  that  one  having  a  capacity  of  2000  cms.  or  about  ji^th 
of  a  microfarad,  weighs  only  600  grammes,  and  occupies  a  spueo 
about  10  cms.  high  and  10  cms.  in  diameter. 

Such  condensers  are,  therefore,  very  well  adapted  for  receiving 
circuits,  but  not  for  circuits  with  any  high  voltage.  On  the  other 
hand,  for  the  transmitting  condeusers  we  are  limited  to  air,  glass,  and 
oil  as  our  dielectrics.  Various  forms  of  glass  condenser  have  been 
described  in  Cliap.  1.  §  11. 

Mr.  Marconi  has  used  at  some  of  his  power  stations  very  large 
air  condensers.  Although  some  advantages  accrue,  such  a  condenser 
is  necessarily  very  bulky,  and  this  requires  long  metal  connections. 
Hence  the  saving  in  dielectric  loss  is  balanced  more  or  less   by 
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increase  in  resistance  loss.  It  is  most  usual  to  employ  metal  sheets, 
zinc  or  tin  plate  in  oil,  either  with  or  without  glass  plates  put  in 
between  the  metal  electrodes.  The  whole  condenser  and  oil  is 
contained  in  a  galvanized  iron  box  with  lid.  The  connections  pass 
through  insulators  in  the  lid. 

If  glass  is  employed,  condensers  may  be  built  up  of  sheets  of 
good  crown  glass  with  metal  plates  interposed.     The  best  method  of 

construction  is  to  make  the  metal  plates  of  thin 
sheet  zinc  which  are  cut  out  with  a  tool  in  the 
form  shown  in  Mg.  63.  These  plates  are  built 
up  with  alternate  sheets  of  glass,  each  cut  an 
inch  larger  every  way  than  the  metal  plates,  the 
zinc  plates  being  arranged  with  the  lugs  i^ter- 
nating,  as  shown  in  Fig.  69,  Chap.  I.  The  sheet 
zinc  should  not  be  too  thin,  so  that  when  the 
whole  mass  of  plates  is  immersed  in  oil  in  a 
stoneware  or  metal  vessel,  the  oil  penetrates  in 
between  the  glass  plates  and  excludes  all  air. 
The  zinc  plates  on  one  side  are  connected  to- 
gether to  a  terminal  and  also  those  on  the  other. 
Fio.  68.  A  sheet  of  crown  glass  3  mm.  or  ^  inch  thick 

will  bear  safely  an  alternating  voltage  of  20,000 
volts,  equivalent  to  a  6  or  7  mm.  spark.  When  higher  voltages 
are  employed  such  condenser  boxes  must  be  arranged  in  series. 
For  any  given  dielectric  there  is  a  certain  energy  storage  per 
cubic  centimetre  which  cannot  be  exceeded,  and  in  the  case  of 
glass  this  is  equal  to  about  0*01  joule  per  cubic  centimetre,  or  about 
200  foot-pounds  per  cubic  foot.  Hence  from  this  figure  can  be 
calculated  the  bulk  of  condenser  glass  required  for  a  given  energy 
storage  or  output  of  the  condenser.  The  ou  in  which  the  condenser 
plates  are  immersed  should  be  the  highest  insulation  transformer  oil 
and  a  thin  paraffin  oil  or  resinous  oil  is  preferable  to  a  thick  vegetable 
oil  such  as  linseed  oil.  It  is  found,  however,  that  glass  plates 
employed  as  the  dielectric  in  a  condenser  age  with  use  and  after 
a  time  punctures  of  the  glass  become  more  frequent.  In  Germany  it 
is  usual  to  employ  condensers  of  the  Moscicki  type,  consisting  of  lajrge 
glass  tubes  closed  at  the  bottom  like  large  test-tubes  a  couple  of 
metres  long  and  a  decimetre  in  diameter,  the  glass  being  blown  so 
as  to  be  thicker  at  the  top  than  at  the  bottom.  These  tubes  are  then 
coated  within  and  without  with  copper-plated  silver  to  such  a  depth 
that  at  the  edge  of  the  metal  the  glass  is,  say,  half  a  centimetre  in 
thickness,  but  below  that  only  two  or  three  milUmetres.  As  already 
explained,  this  prevents  puncture  at  the  edges.  Owing,  however, 
to  the  ageing  qualities  of  glass  it  has  been  found  preferable  in  large 
stations  to  employ  air  condensers  consisting  of  metal  plates  in  air, 
either  air  at  ordinary  pressures  with  the  plates  separated  to  a  consider- 
able distance,  or  else  placed  in  a  vessel  with  compressed  air,  which, 
therefore,  has  a  much  higher  dielectric  strength. 

It  remains  to  notice  the  manner  in  which  these  condensers  should 
be  connected  to  one  another,  and  to  the  inductance  and  to  the  spark 
gap,  in  order  to  secure  the  best  results.  It  is  convenient  to  construct 
the  primary  condenser  of  a  number  of  separate  condensers,  such  as 
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Leyden  jars  or  glass-plate  or  micanite  condensers,  the  elements  being 
arranged  either  in  series  or  in  parallel,  to  give  the  capacity  and 
dielectric  strength  required.  If  a  number  of  condensers  are  to  be 
arranged  in  parallel  all  in  series  with  the  primary  coil  of  the  oscillation 
transformer  and  with  a  spark  gap,  then  it  is  desirable  that  the  length 
of  the  oscillatory  path  through  its  separate  condenser  should  be  the 
same.  For  this  purpose  condensers  should  be  arranged  as  shown  in 
Fig.  64a,  and  not  as  shown  in  Fig.  64^.  In  the  first  case  the 
length  of  the  oscillatory  circuit  for  each  condenser  is  the  same,  in  the 
second  case  it  is  different. 

Where  very  high  potentials  are  used,  it  is  necessary  to  arrange 
condensers  in  series,  or  they  may  be  partly  arranged  in  series  and 


Fia.  64a. 
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Fig.  646. 
Two  Modes  of  arranging  GondenBera  in  Parallel  in  a  Discharge  Circuit. 

partly  in  parallel,  but  the  same  conditions  as  to  length  of  oscillatory 
path  should  be  ifulfilled.  The  connections  between  the  condensers 
are  best  made  with  finely  stranded  cables  made  up  of  cotton-covered 
No.  36  S.W.G.  copper  wire  twisted  together.  It  ib  necessary  to  have 
sufficient  surface  for  the  discharge  path  and  to  avoid  as  much  as 
possible  introducing  resistance  into  the  primary  circuit,  so  as  to  keep 
the  decrement  of  the  primary  circuit  as  low  as  possible.  In  some 
cases  it  is  necessary  to  charge  condensers  in  series  and  discharge 
them  in  parallel,  and  this  may  be  done  in  one  of  several  ways  shown 
in  the  appended  diagrams  (see  Fig.  65).^^  In  the  appended  diagrams, 
Cj,  C2  are  the  condensers,  li^^  is  the  inductance  coil,  and  S^,  S2  are 
two  spark  gaps;  I  is  an  induction  coil.  It  will  be  seen  that  the 
condensers  are  charged  in  series  and  discharged  in  parallel. 

**  See  German  patent  granted  to  Fritz  Lesemann,  Glass  21a,  No.  L.  18,521. 
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Pig.  65. — Lesemann's  Method  of  Charging  Condensers  in  Series  and  Discharging 
them  in  Parallel  from  an  Induction  Coil.  I,  induction  coil;  C^,  C,,  con- 
densers ;  Si,  S|,  spark  gaps ;  L;  inductance  coil ;  p,  s,  oscillation  transformer ; 
A,  antennae, 
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The  best  arrangement  of  condensers  in  the  oscillation  circuit  of  a 
wireless  telegraph  transmitter  is  determined  by  the  following  con- 
siderations. Let  us  assume  that  the  antenna  is  inductively  connected 
to  the  condenser  or  oscillation  circuit.  Then,  in  order  that  we  may 
have  syntony,  we  must  make  the  oscillation  constants  of  the  two 
circuits  the  same.     Let  C2  be  the  capacity  of  the  antenna  circuit  and 

L2  its  inductance,  so  that  V^sLj  is  its  oscillation  constant.  Let  G^  be 
the  capacity  of  the  condenser  in  the  primary  or  nearly  closed  circuit 
and  L^  its  mductance.  Also  let  B^  be  the  high  frequency  resistance 
of  this  circuit,  including  that  of  the  spark  gap.     Then  the  oscillation 

constant  is  Vc^iL^  and  the  damping  factor  is  ^.     It  has  generally 

been  the  custom  in  spark  telegraphy  to  make  0^  from  ten  to  twenty 
times  Gj,  and  hence  L2  must  be  from  ten  to  twenty  times  L^  in 
magnitude. 

Accordingly,  G^  is  a  large  capacity  and  L^  is  a  small  inductance. 
The  resistance  E^  of  the  condenser  circuit  is  largely  made  up  of  spark 
resistance.  Hence  for  a  given  spark  length  the  smaller  we  make  L^ 
the  larger  will  become  the  damping  and  the  greater  the  decrement  of 
the  oscillations. 

It  is  advantageous,  therefore,  to  keep  the  capacity  G^  as  small  as 
possible,  so  as  to  use  as  much  inductance  as  possible  in  the  condenser 
circuit.  We  can  then  only  obtain  the  required  energy  storage  by 
charging  the  condenser  to  a  high  voltage.  This  must,  however,  be 
achieved  without  increasing  the  length  of  spark  gap,  and  can  be 
accomplished  by  constructing  the  primary  condenser  of  separate 
condensers  which  are  charged  in  series,  and  each  discharged  across 
its  own  short  spark  gap,  the  several  spark  gaps  being  connected  in 
series.  The  arrangements  for  effecting  this  are  shown  in  Fig.  66,  and 
are  taken  from  a  British  Patent  Specification,  No.  20,804,  of  1904, 
granted  to  the  Wireless  Telegraph  Company  of  Berlin. 

These  diagrams  show  the  mode  of  connecting  the  condensers  and 
spark  gaps  in  the  case  of  inductively  and  directly  coupled  antennae. 
The  advantage  to  be  gained  by  the  use  of  relatively  small  capacity  in 
the  primary  oscillation  circuit  is  shown  by  the  following  example. 
Let  us  suppose  that  the  primary  capacitv  G^  =  0*1  mfd.,  and  that  the 
primary  inductance  L^  =  10^,  and  that  the  spark  length  used  is  1  cm. 
corresponding  to  30,000  volts.  Then  the  frequency  n  is  5  X  10*,  and 
if  the  spark  be  assumed  to  have  a  resistance  of  1  ohm  the  resistance 
decrement  8  is  0-05. 

If,  then,  we  divide  the  condenser,  say,  into  five  parts,  and  arrange 
these  in  series,  each  with  a  spark  gap  of  1  cm.  in  length  and  a  separate 
discharge  path  for  each  condenser,  having  an  inductance,  say,  of 
1250  cms.,  the  frequency  of  the  oscillations  will  rise  to  10<^,  and  yet 
the  whole  stored  energy  will  be  the  same.  If  the  main  discharge 
circuit  has  still  an  inductance  of  10^  cms.,  we  shall  then,  by  the  mere 
fact  of  raising  the  frequency,  find  we  have  lowered  the  decrement 
to  0*0125,  or  to  one  quarter  of  its  original  value.  Hence,  without 
afifecting  the  quantity  of  the  stored  energy,  we  have  yet  made  the 
number  of  oscillations  per  train  much  greater. 

The  arrangement  of  the  capacity  of  the  primary  condenser  is  not, 
therefore,  a  matter  of  indifference,  and  with  a  certain  capacity  at 
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disposal  we  can  make  use  of  it  by  certain  arrangements  more  advan- 
tageously than  by  others. 

18.  Dlsohargeps  for  Spark  Radioteletfraphy. — ^The  physical 
process  involved  in  the  production  of  dampedelectric oscillations  and 
corresponding  electric  wave  generation  consists  in  charging  some 
form  of  condenser  and  then  suddenly  releasing  the  charge  in  the 
form  of  a  spark,  and  permitting  the  free  oscillations  of  the  condenser 
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Fig.  66. — Methods  of  Employing  a  Subdivided  Condenser,  /i,  /„  /,,  and  Multiple 
Spark  Gap,  <2i,  <2i,  (2s,  in  Connection  either  with  a  Directly  Coupled  Antenna 
as  in  (a),  or  an  Inductively  Coupled  Antenna,  as  in  (6),  or  a  Simple  Antenna, 
as  in  (c),  to  obtain  a  Smaller  Besistance  Decrement,  and  therefore  more 
Persistent  Oscillations  in  the  Condenser  Circuit. 


to  take  place  across  the  spark  gap.  When  dealing  with  "condensers 
of  small  capacity  charged  with  voltages  of  a  few  thousand  volts,  e.g, 
20,000  or  so,  no  particular  difficulty  occurs,  all  that  is  required  is 
a  spark  gap,  or  series  of  spark  gaps,  consisting  of  a  couple  or  more 
of  metal  balls  of  brass,  zinc  or  iron,  separated  by  intervals  of  a  few 
millimetres  which  are  inserted  in  series  with  the  condenser  and  its 
inductive  discharge  circuit.     The  charging  voltage  is  supplied  by  an 
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induotion-coil  or  small  transformer,  the  secondary  circuit  of  which  is 
connected  to  the  spark  balls,  or  outer  members  of  the  series  of  balls. 

As  the  potential  dififerance  of  the  balls  increases  the  condenser 
becomes  charged,  and  at  a  certain  P.D.  the  limit  of  the  dielectric 
strength  of  the  air  in  the  air  gap  for  that  particular  gap  length  used 
is  reached,  and  the  air  insulation  breaks  down.  The  spark  gap  at 
once  becomes  conductive  and  the  circuit  of  the  condenser  is  com- 
pleted. It  then  oscillates  until  the  energy  of  the  charge  is  dissipated 
as  heat  and  radiant  wave  energy. 

The  first  point  to  notice  in  connection  with  this  operation  is  that 
there  may  be  a  very  large  number  of  discharges  of  the  condenser 
during  one  semi-period  of  the  transformer  or  during  an  interruption 
of  the  primary  circuit  of  the  induction  coil. 

This  will  happen  when  the  spark  gap  is  short.  As  the  charging 
voltage  and  P.D.  of  the  balls  inicrease,  a  point  is  reached  at  which 
the  air  gap  insulation  breaks  down  and  a  train  of  oscillations  ensues. 
If,  however,  the  duration  of  this  train  is  very  short  compared  with 
one  cycle  of  the  charging  voltage,  then  after  this  train  of  oscillation 
has  subsided  the  P.D.  of  the  balls  increases  again.  Another  spark 
and  another  set  of  oscillations  will  then  take  place,  and  this  may  be 
repeated  three  or  four,  or  even  many  dozen,  times  during  one  semi- 
period  or  cycle  of  the  charging  voltage.  Hence  it  is  quite  erroneous 
to  assume  that  there  is  only  one  spark  per  interruption  of  the  primary 
of  the  coil  or  per  semi-period  of  the  alternating  current  feeing  the 
transformer.  There  may  be  a  great  many  sparks  in  this  time.  This 
is  called  the  phenomenon  of  multiple  sparks.  Moreover,  these  sparks 
do  not  occur  at  equidistant  periods  of  time.  They  are  generally  very 
irregular.  This  is  partly  because  the  dielectric  strength  of  the  air  in 
the  spark  gap  is  determined  by  the  state  of  ionization  in  which  it  is 
left  after  the  last  discharge. 

Another  reason  is  the  production  of  an  electric  arc  or  direct  dis- 
charge of  the  transformer  or  induction  coil  across  the  gap,  and  until 
this  is  extinguished  the  condenser  cannot  again  become  charged. 
The  actual  discharge  which  occurs  across  the  gap  may  be  partly  a 
true  oscillatory  condenser  discharge,  which  we  shall  call  the  spark 
discharge,  ana  partly  a  discharge  of  the  nature  of  an  electric  arc 
taking  place  between  the  balls,  which  is  due  to  current  coming  directly 
out  of  the  induction  coil  or  transformer,  and  not  at  all  to  the 
oscillatory  discharge  of  the  condenser.  This  arc  discharge  keeps 
down  the  potential  difference  of  the  balls,  and  it  must  be  destroyed 
before  the  condenser  can  again  become  fully  charged. 

When  employing  large  power  transformers  the  production  of  an 
arc  discharge  has  to  be  prevented  by  special  means,  and  the  object  of 
design  in  large  power  dischargers  is  to  prevent  this  arcing,  and  to 
cause  the  spark  to  be  due  entirely  to  electric  energy  coming  out  of 
the  condenser  and  not  at  all  to  energy  supplied  directly  by  the 
transformer.  In  short  distance  radiotelegrapMc  apparatus  such  as  is 
provided  on  ships  and  small  coast  stations  the  usual  source  of  voltage 
18  a  10-  or  12-inch  spark  induction  coil.  In  these  cases  the  discharger 
often  takes  the  simple  form  of  a  pair  of  brass  balls  connected  to  the 
secondary  terminals  of  the  coil.  There  are  the  following  objections 
to  this  rudimentary  form  of  spark  gap.     The  opposed  surfaces  of  the 


680  THE   APPARATUS   OF   RADIO-TELEGRAPHY 

balls  become  rough  or  worn  away  in  time,  the  exact  inter-distance  or 
length  of  spark  gap  is  not  readily  adjustable,  the  ionized  air  between 
the  balls  is  removed  irregularly  by  draughts,  and  lastly,  but  not  least, 
the  noise  made  by  the  spark  is  annoying  and  enables  the  signals  being 
sent  to  be  read  by  ear  a  long  way  off.  In  all  cases,  therefore,  the 
spark  balls  should  be  enclosed  in  a  more  or  less  sound-proof  chamber. 
This  may  be  of  cast-iron  or  very  thick  wood  lined  with  asbestos.  If 
the  chamber  contains  air,  then  the  spark  will  combine  some  of  the 
nitrogen  and  oxygen  into  oxides  of  nitrogen,  and  ultimately  with  the 
-  aid  of  moisture  these  form  nitric  acid,  which  is  deposited  on  the  walls 
of  the  vessel.  Hence  the  chamber  must  either  contain  some  alkaline 
material,  lime,  potash,  or  soda,  to  absorb  these  vapours,  or  else  fresh 
air  must  be  continually  passed  through  the  chamber,  or  it  must  be 
made  air-tight  and  filled  with  some  gas,  such  as  nitrogen,  which  is 
unaltered  by  the  spark.  Provision  should  also  be  made  for  easily 
altering  the  spark-gap  length  and  for  changing  the  opposed  surfaces 
as  they  become  eroded. 

The  author  has  found  that  this  is  most  easily  achieved  by  carrjang 
the  metal  balls  which  form  the  discharge  surfaces  in  a  holder  some- 
thing like  a  ball  castor  used  on  the  legs  of  tables.  The  ball  is  con- 
tained in  a  closely  fitting  tube,  having  a  spiral  spring  behind  it,  and 
the  tube  Jias  a  screw  ring  on  the  end  keeping  the  ball  in  place.  The 
ball  can  then  be  turned  round  into  various  positions  so  as  to  expose 
clean  surfaces  when  required. 

Two  such  balls  may  be  carried  on  the  end  of  screwed  rods  having 
divided  heads  passing  through  metal  bosses  let  into  ebonite  insulators, 
and  these  may  be  mounted  so  as  to  contain  the  balls  in  a  stout  box. 

Another  convenient  form  of  discharger  devised  by  the  author 
consists  of  a  pair  of  thick  brass  discs  with  rounded  edges.  These  are 
carried  on  brass  spring  pedestals  attached  with  a  screw  and  nut  so 
that  the  discs  can  be  turned  round  to  bring  fresh  places  into  opposition. 
The  discs  and  pedestals  are  mounted  so  that  the  discs  are  on  the 
same  plane  and  their  edges  a  few  millimetres  apart.  The  distance 
between  the  sparking  points  is  then  varied  by  means  of  two  scre'ws, 
which  pass  through  the  sides  of  a  stout  wooden  containing  box  and 
press  on  the  spring  pedestals  so  as  to  force  the  discs  nearer  together. 
In  all  cases  where  the  spark  gap  is  contained  in  a  silencing  chamber 
it  is  convenient  to  have  a  peephole  glazed  with  dark  glass  through 
which  to  examine  the  spark.  It  is  extremely  injurious  to  the  eyes  to 
look  for  long  at  a  condenser  spark  between  metal  terminals. 

A  convenient  form  of  discharger  for  small  transmitters  of  not 
more  than  1^  kilowatt  power  as  used  by  the  Marconi  Company  is 
shown  in  Fig.  67.  It  consists  of  a  box  of  very  stout  wood  lined  with 
asbestos.  Ebonite  insulators  carry  the  spark  balls  which  are  sup- 
ported on  screwed  shafts  so  as  to  vary  the  spark  length.  Below  the 
balls  will  be  seen  a  pair  of  needle  points  which  are  placed  with  points 
at  a  greater  distance  apart  than  the  ball  surfaces.  These  are  called 
the  guard  points.  If  any  sudden  rise  of  pressure  due  to  resonance 
effects  take  place,  the  spark  jumps  between  these  points  and  saves 
the  condenser  plates  from  puncture. 

In  the  case  of  dischargers  for  large  power  stations  intended  for 
conducting  long  distance  radiotelegraphy,  special  difficulties  have  to 
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I  in  conetruoting  a  suitable  discharger  for  heavy  spark 
dischargee.  Ihe  chief  difticulty  encountered  is  the  tendency  of  the 
transformer  or  transformers  employed  to  charge  the  condensers  to 
start  aD  arc  discharge  at  the  same  time,  -which,  as  already  explained, 
reduces  the  potential  difference  of  the  I>alls,  so  that  the  condensers 
shunted  across  the  discharger  cannot  again  become  charged  until  the 
arc  is  extmguished.  Furthermore,  with  large  discharge  currents 
the  metallic  surfaces  between  which  the  discharge  takes  place  become 
worn  away  very  rapidly.  This  last  difficulty  is  to  a  considerable 
extent  mitigated  by  the  employment  of  a  rotating  disc  discharger 
devised  by  the  author  (see  below).  In  this  case  continually  new 
and  cool  surfaces  are  presented  between  which  the  discharge  takes 
place.  The  most  convenient  form  for  these  surfaces  is  in  the  shape 
of  two  large  cast-iron  wheels  with  rounded  edges,  which  are  caused 


Fio.  67. — Enclosed  Spark-ball  Diacbarger  in  Silencing  Chamber  (Marconi). 

to  rotate  slowly  and  regularly  by  electric  motors  in  the  same  direc- 
tion. An  air  blast  may  also  lie  employed  to  keep  the  surfaces 
between  which  a  discharge  takes  place  cool,  so  as  to  prevent 
volatilization  of  the  metal  and  to  some  extent  to  limit  the  arc 
discharge. 

Another  invention  of  the  author  in  connectioD  with  transmitting 
apparatus  is  for  a  discharger  (see  British  specification.  No.  25,383,  of 
November  20. 1903,  or  United  States  patent,  No.  792,014),  consisting 
of  balls  which  are  set  in  revolution  by  electric  motors  or  other  means, 
and  included  in  a  chamber  in  which  nitrogen  or  carbonic  acid  gas  is 


The  balls  or  discs  between  which  the  discharge  takes  place  are 
driven  round  at  a  slow  pace  by  means  of  gearing,  which  in  turn  is 
driven  by  a  small  electric  motor  or  clockwork.     When  electric  motors 
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are  employed,  each  ball  or  disc  is  preferably  driven  by  its  own  motor, 
and  these  motors  are  contained  in  a  cast-  or  wronght-iron  sound- 
proof chamber,  which  also  contains  the  ball  discharger.  As  the 
contact  surfaces  are  continually  being  changed  they  wear  more 
evenly,  and  the  kind  of  spark,  therefore,  required  for  the  performance 
of  electric  wave  telegraphy  is  better  preserved.  If  these  balls  or  discs 
are  hollow,  water  may  be  caused  to  circulate  through  them  and  so 
keep  them  cool.  It  is  found  that  a  very  great  advantage  is  secured 
by  using  a  short  spark  taken  in  compressed  nitrogen  enclosed  in  a 
strong  iron  reservoir,  as  the  electric  discharge  can  be  made  perfectly 
noiseless,  and  the  unpleasant  effects  arising  from  this  sound  are 
obviated.  In  order  to  make  the  contact  between  the  revolving  ball 
or  disc  and  the  external  electrical  generator  (whether  it  be  a  trans- 
former, induction  coil,  or  any  other  means),  mercury  cup  contacts  are 
used.  The  shaft  carrying  the  ball  or  disc  has  on  it  a  copper  cup 
containing  mercury,  and  a  stout  copper  pin  connected  with  the 
external  circuit  dips  into  this  mercury.  The  disc  can,  therefore, 
revolve,  and  yet  a  good  connection  is  kept  up  with  the  external 
circuit. 

Another  effective  method  of  quenching  or  preventing  the  for- 
mation of  an  electric  arc  is  by  the  use  of  a  powerful  air  blast.  This 
has  the  property  of  extinguishing  the  true  arc  discharge,  but  does 
not  inteHere  with  the  condenser  spark  discharge.  A  convenient 
method  of  applying  the  blast  is  as  follows : — The  discharge  takes 
place  between  a  metal  ball  carried  on  the  end  of  a  rod  and  the  edge 
of  a  metal  tube,  the  ball  being  placed  near  the  open  end  of  the  tube 
so  as  more  or  less  to  block  it  up.  A  powerful  air-blast  is  supplied 
through  the  tube,  and  the  air  escapes  oetween  the  ball  and  the  edge 
of  the  tube  and  continually  extinguishes  the  electric  arc  which  tends 
to  be  formed. 

Even  in  the  case  of  small  dischargers  produced  by  an  induction  coil, 
it  is  an  advantage  to  direct  a  jet  of  air  supplied  through  a  glass  nozzle 
act  on  the  space  between  the  discharge  balls.  This  serves  to  destroy 
any  true  electric  arc  which  may  form,  but  does  not  hinder  the  con- 
denser discharge.  The  particular  conditions  under  which  this  air- 
blast  is  of  use  are  set  forth  in  a  paper  by  the  author  and  Mr. 
Richardson,  entitled, "  The  Effect  of  an  Air-blast  upon  the  Spark 
Discharge  in  Condenser  Circuits  "  (see  PhU.  Mag.,  May,  1909),  read 
before  the  Physical  Society  of  London,  March  26,  1909,  in  which  it 
is  shown  that  for  short  sparks,  1-3  mm.  in  length,  the  air-blast  is  an 
advantage,  as  it  both  increases  the  mean-square  value  of  the  oscilla- 
tory current  and  greatly  steadies  it.  This  air-blast  serves  to  make 
the  discharge  current  more  regular,  and  is  of  great  use  in  certain 
measurements  where  steady  high  frequency  currents  have  to  be 
generated. 

In  the  design  of  dischargers  for  long-distance  radiotelegraphic 
stations,  Mr.  Marconi  made  a  very  great  advance  in  the  years 
1906-7  by  the  invention  of  his  high  speed  rotating  disc  dischargers, 
which  have  greatly  increased  the  speed  of  signalling  possible  in  the 
case  of  large  radiotelegraphic  transmitters  on  the  spark  system,  and 
also  have  provided  a  means  for  producing  practically  continuous 
oscillations,   or  at  least  trains  of  electric  oscillations   very  rapidly 
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sncceediug  each  other  without  any  eileDt  interval  between  them. 
The  oOQstruotion  of  these  dieohorgers  was  described  hy  the  inventor 
himBelf  in  a  lecture  at  the  Boyal  Institution  on  Mairch  13,  1908.^ 
One    form    oE    the   Marconi    high-speed   disc    dischai^er   for    the 

itroductioQ  of  practically  continuous  OBcillations  is  constructed  as 
oUows : — 

A  metal  disc,  A  (see  Fig.  68),  icsulated  from  the  earth,  is  caused 
to  rotate  at  very  high  speed,  by  means  of  a  high-speed  electric  motor 
or  steam  turbine.  The  shaft  which  carries  this  due  passes  through 
bearingB  in  two  pedestals,  6,  the  npper  parts  of  which  T),  are 
insulated  from  the  lower  ports.  These  upper  parts  carry  two  other 
discs,  Cj  and  C^,  which  may  be  called  the  polar  discs,  which  can  also 
be  rotated  at  a  very  high  speed.  These  polar  discs  have  their  edges 
placed  very  dose  to  the  surfaces  or  edges  of  the  metal  disc  A.    The 


Fio.  66. — M»taoni  High-speed  Rolsting  Dibo  Disobarger. 

two  polar  discs  are  connected  respectively  through  suitable  hmshes 
or  rubbing  contacts  to  the  outer  ends  or  terminals  of  two  condensers, 
K,  joined  in  series,  and  these  condensers  are  also  connected  through 
suitable  iuductive  resistances,  I,  to  the  terminals  of  a  high  tension 
continuous  current  dynamo,  H,  although  in  some  oases  an  alternator 
may  be  used  instead.  These  condensers,  K,  will  be  referred  to  as  the 
reservoir  condensers.  Against  the  central  high-speed  or  metal  disc 
a  suitable  rubbing  contact  is  provided,  and  connected  between  this 
contact  and  the  middle  point  of  the  two  condensers  K  is  inserted  an 
oscillatory  circuit,  consisting  of  a  smaller  condenser  E  in  series 
with  an  inductance,  which  iast  is  connected  inductively  or  directly 
to  the  antenna.  The  circuit  containing  the  condenser  E  and  the 
primary  coil  F  of  the  oscillation  transformer  is  suitably  tuned  to  the 

'  G.  Marconi,  "  On  TreoBfttliuitic  Wireleea  Telegraphy,"   The  KUcirician, 
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1  end  8&S2.  both  of  1909 ;  and 
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period  of  the  antenna  G.  If  the  necessary  conditions  are  fulfilled, 
and  a  sufficient  electromotive  force  is  employed  when  the  dynamo  H 
is  put  in  action,  and  the  discs  caused  to  rotate,  a  discharge  will  take 
place  between  the  outer  discs  and  middle  disc,  which  discharge  is 
neither  an  oscillatory  spark  nor  an  ordinalry  arc,  and  powerful 
oscillations  will  be  created  in  the  signalling  condenser  E  and  the 
oscillatory  circuit  F. 

Mr.  Marconi  states  that  in  order  to  obtain  good  effects  a  peri- 
pheral speed  of  over  100  metres  a  second  is  desirable,  and,  therefore, 
particular  precautions  have  to  be  taken  in  the  construction  of  the 
discs  both  as  to  material  and  balancing.  The  inventor  gives  the 
following  explanation  of  the  operation  of  the  discharger.  He  says : 
**  Let  us  imagine  that  the  source  of  electricity  is  gradually  charging 
the  double  condenser  K,  and  increasing  the  potential  at  the  discs, 
say  G^  positively  and  C^  negatively ;  at  a  certain  instant  the  voltage 
will  cause  the  charge  to  jump  across  one  of  the  gaps,  say  between 
G2  and  A.  This  will  charge  the  condenser  E,  which  will  then  com- 
mence to  oscillate,  and  the  charge  in  swinging  back  will  jump  from 
A  to  Gj,  which  is  charged  to  the  opposite  potential.  The  charge  of 
E  will  again  reverse,  picking  up  energy  at  each  reversal  from 
the  condensers  E.  The  same  process  will  go  on  indefinitely,  the 
losses  which  occur  in  the  oscillatory  circuit  EF  being  made  good  by 
the  energy  suppUed  from  the  generator  H.  If  the  disc  is  not  rotated, 
or  rotated  slowly,  an  ordinary  arc  is  at  once  established  across  the 
small  gaps,  and  no  oscillations  take  place.  The  efficient  cooling  of 
the  discharge  by  the  rapidly  revolving  disc  seems  to  be  one  of  the 
conditions  necessary  for  the  production  of  the  phenomena." 

If,  therefore,  a  continuous  current  dynamo  is  employed,  such  a 
discharger,  when  properly  adjusted,  enables  undamped  oscillations  to 
be  obtained,  the  arc  discharge  being  entirely  suppressed,  and  replaced 
by  a  regular  high  frequency  alternating  current  supplied  from  the 
condenser  E.  The  principle,  therefore,  which  underlies  the  working 
of  the  discharger  is  that  to  obtain  an  arc  discharge  between  met&l 
surfaces  one  of  these  surfaces,  namely,  the  negative,  must  he  allowed 
to  become  heated,  and  if  it  is  permanently  cooled,  or  kept  below  a 
certain  temperature,  true  arc  discharge  is  prevented ;  but  at  the  same 
time  this  does  not  prevent  a  condenser  discharge  from  taking  place 
across  the  gap.  The  proof  that  the  oscillations  so  produced  are 
practically  continuous  is  shown  by  the  fact  that  Marconi  found  that 
the  waves  emitted  from  the  sending  antenna  provided  with  such  a 
discharger  could  not  affect  at  a  distance  his  magnetic  detector,  unless 
an  interrupter  was  inserted  in  one  of  the  circuits  of  the  receiver. 

Mr.  Marconi  has  also  devised  another  similar  form  of  discharger 
with  which  he  states  the  best  results  have  been  obtained  over  long 
distances,  which  provides  a  regular  succession  of  feebly  damped 
waves.  This  discharger  consists  of  a  disc,  A,  which  can  be  rotated 
at  a  high  speed  (see  Fig.  69),  which  carries  upon  its  surfaces  at 
regular  intervals  Knobs  or  studs.  These  studs  pass  in  the  course 
of  their  revolution  between  two  fixed  or  rotating  discs,  Gj,  G2,  the 
rest  of  the  electrical  arrangements  being,  as  already  described  in 
connection  with  Pig.  68.  As  this  wheel  rotates,  each  time  a  stud 
passes  between  the  discs  G^.  G2  a  discharge  of  the  condenser  E  takes 
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place ;  but  any  arc  discharge  which  is  formed  is  at  once  extinguished, 
and  on  the  passage  of  the  next  stud  the  condenser  E  is  again  able  to 
furnish  a  train  of  oscillations.  In  this  way  an  extremely  regular 
series  of  slightly  damped  wave  trains  is  produced  which,  when  picked 
up  at  the  receiving  end  by  a  suitable  oscillation  detector  employed 
with  a  telephone,  produce  a  clear  musical  note  in  the  telephone 
which  the  ear  can  quite  easily  differentiate  from  the  noises  created 
by  atmospheric  electrical  disturbances  or  other  vagrant  waves. 
These  trains  succeed  each  other  at  the  rate  of  several  hundred  per 
second. 

These  high  speed  disc  dischargers  of  Marconi  have  now  stood  the 
test  of  prolonged  use,  and  proved  of  the  greatest  value  in  enabling 
long  distance  radiotelegraphic  transmitting  to  be  worked  at  a  very 


Fio.  69. — Marconi  Studded  Disc  High-speed  Botating  Discharger. 

high  signalling  speed  and  for  long  periods  of  time  without  inter- 
mission, both  of  which  conditions  are  inseparable  from  success  in 
commercial  radiotelegraphy. 

The  theory  of  these  Marconi  discharges  has  been  investigated 
by  Eeinhold  Eudenberg  in  an  article  entitled  '*  Die  Erwarmung 
rotierender  Elektroden,  insbesondere  beim  Marconischen  Generator 
fur  kontinieriiche  Schwingungen  "  (see  Jahrhuoh  der  drahtlosen  Tele- 
grqfie  und  TelepTianie,  vol.  ii.  p.  18,  1908),  to  which  the  reader  must 
be  referred  for  details. 

In  the  more  recent  forms  of  Marconi  transmitter  the  rotating 
discharger  is  combined  with  the  alternator  by  being  fixed  on  the  same 
shaft.  Thus  for  ship  transmitters,  and  for  even  some  long  distance 
transmitters,  the  alternator  which  provides  the  current  for  charging 
the  condensers  is  driven  by  a  direct  coupled  electric  motor.  Then  on 
the  opposite  end  of  the  shaft  of  this  alternator  is  fixed  a  discharger 
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coDBisting  of  a  QumbeT  of  Bpc^es  like  a  wheel  without  a  rim.  Theee 
BpokoB  just  make  grazing  contact  as  they  paes  with  two  other  fixed 
dectrodee  which  may  be  metal  diecs,  kept  in  slow  rotation  either  by 
gearing  or  by  a  separate  electric  motor.  This  serves  to  cloee  the 
condenser  cnrciiit  and  create  the  discharger.  The  discharger  is 
enclosed  in  a  box  which  serves  to  deaden  the  sound,  and  the  air 
through  this  bos  is  kept  renewed  by  a  fan.  The  violent  movement 
of  the  air  extinguishes  at  once  any  electric  ^fq  which  foroas,  and 
therefore  enables  a  very  rapid  and  uniform  rate  of  disobarge  to  be 
kept  up.  Thus  suppose  the  alternator  revolves  3000  B.P.M.,  and 
there  are  10  spokes  on  the  discharger,  this  gives  500  dischai^es  per 
second,  and  creates  a  quenched  musical  spark  discharge.  The 
general  arrangement  of  snch  a  plant  is  shown  in  Fig.  70. 

For  small  laboratory  dischargers  it  is  now  very  usual  to  employ 
some  form  of  high-speed  rotatmg  discharger.    A  convenient  form 


Iff  The  Wlrtiat  Pre—,  Lta. 


consists  of  a  brass  disc  with  short  metal  spokes  screwed  into  its 
edge.  These  spokes  nearly  touch  in  their  revolntion  two  brass  balls 
carried  on  insulating  supports.  The  disc  has  a  pulley  on  its  shaft 
and  is  rotated  by  an  electric  motor  1200  or  1500  revolutions  per 
minnte.  The  rotating  spokes  intermittently  complete  the  discharge 
circuit  by  making  grazing  contact  with  the  two  b^s. 

We  have  next  to  consider  forms  of  discharger  adapted  for  the 
method  of  escitation  by  shock  or  impact,  the  principles  of  which 
have  abready  been  explained  (see  Gbap.  III.  g  15).  It  has  been 
shown  that  in  a  system  of  two  coupled  oscillation  circuits,  in  one  of 
which  damped  cwcillations  are  excited  by  means  of  a  apark  gap,  the 
reaction  of  the  two  circuits  on  one  another  produces  in  both  of  them 
oscillations  of  two  frequencies.  It  has  also  been  mentioned  that  in 
the  case  of  very  short  spark  gaps  the  damping  is  extremely  large, 
and  that  by  availing  ourselves  of  this  fact  it  is  possible  to  conatnict  a 
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traDsmitter  producing  damped  waves  in  which  the  primary  osoillatioo 
is  damped  out  of  exieteDoe  after  one  or  two  oecillationB,  and  the 
secondary  is  permitted  to  oscillate  freely  in  a  single  period,  and 
radiating  therefore  waves  of  a  single  wave  length.  Starting  from 
Wien's  researches  on  this  matter,  the  Gesellsohaft  fUr  Drahtlose 
Telegrapbie  devised  forms  of  discharger  for  conducting  spark  tele- 
graphy on  this  quenched  spark  system.  In  one  form  it  consists  of  a 
series  of  copper  discs  or  copper  boxes  with  flat  sides  cooled  with 
water,    the    outer   surfaces  oi 

which  are  placed  in  contiguity,      '-    r- -^ 

but  separated  by  very  thin  rings 
of  mica.     The    surface  of  the 

boxes  or  plates  must  be  made  taU^ 

extremely  true  and  the  inter- 
space  extremely  small,   about 

0'15  or  O'l  of  a  miUimetre,  and  . 

ten  or  twelve  of  these  discs  or  Si7nM 

boxes  may  be  placed  in  series. 
A  groove  is  turned  in  the  flat 
surface  of  the  discs,  and  the 
mica  ring  extends  half-way 
across  this  groove,  as  shown  in 
Fig.  71.  This  series  of  discs 
or  boxes  takes  the  place  of  the 
ordinary  spark  halls,  and  the 
outer  members  of  the  series 
are  connected  to  the  secondary 
terminals  of  a  charging  trans- 
former fed  by  a  high  frequency 
alternator  having  a  frequency 
of  300  to  500  or  more.  The 
exttemitfes  of  the  series  of  discs 
or  boxes  are  also  connected  to 

the  oscillatory  circuit  consisting       Fio.  71. — Qaeuohod  Spuk  Dischuger. 
of   a  condenser  in  series  with  Plui  of  Copper  Fluiged  Plate, 

one  coil  of  an  oscillation  trans- 
former, the  other  coil  in  series  with  the  antenna.  When  the  charging 
transformer  is  in  action  it  produces  a  very  large  number — 500  or 
more  spark  discharges  in  the  discharger,  which  are  quenched  instantly, 
and  these  are  accompanied  by  an  equal  number  of  condenser  dis- 
charges, each  of  which  is  quickly  damped.  The  directly  or  inductively 
coupled  antenna  hence  receives  a  very  large  number  of  shocks  or 
impulses  per  second,  which  set  up  its  free  vibrations.  In  Fig.  72  is 
shown  a  perspective  view  of  this  discharger  as  made  by  the  Gtsell- 
achaft  fur  DraMlone  Tdegraphie,  taken  from  a  description  of  their 
apparatus  by  Count  Arco,  given  in  a  lecture  delivered  by  him  at 
Cologne  in  June,  1909  (see  The  Electrician,  vol,  63,  p.  461,  July  2, 
1909)." 

To  obtain  efficiency  and  a  quickly  quenched  spark,  the  opposed 

Icatad  by  the 
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sorfaoeB  of  this  discharger  must  be  made  very  smooth  and  perfectly 
plane  and  parallel,  and  are  best  made  of  silvered  copper.  The 
practical  point  of  interest  is,  however,  the  time  which  they  will 
remain  smooth  Id  practice.     There  is  a  tendeacy  to  become  pitted. 


[Taken  bjipermiuion  from '^^aSlectridaiu'' 
Fio.  72.— PerBpectiTe  View  of  Queached  Spark  Disobatger. 

and  the  author  has  found   that  in   (his   case  the   constancy  and 
efficiency  of  the  discharger  fall  off. 

A  somewhat  similar  discharger  composed  of  a  pair  of  flat  metal 
plates  or  concentric  cones  separated  by  a  paper  ring  (see  Fig.  ?3fl) 


tiG.73o.— Von  Lepal  Dischargers.   A,  B,  Fio.  736.— Mode  of  Connection  of 

Metal  Plates  oc  Surfaces  aoparated  by  the  Von  Lepel  Discharger   D   to 

a  Paper  Ring  C  or  Rings  Ci  Cj.  the  Antenlm  E. 

has  been  devised  by  Von  Lepel.*'  These  plates  are  connected  to  the 
terminals  of  a  high  tension  direct  current  dynamo,  and  are  shunted 
by  a  pair  of  oscillatory  circuits  containing  an  inductance  and  capacity 
which  are  syntouized.  The  antenna  is  inductively  or  directly  con- 
nected to  one  circuit  (see  Pigs.  TSli  and  74). 

"  See  British  Patent  Spocifloation  of  E.  von  Lepel,  No.  17,319  of  1908. 
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The  coDtiDUOus  voltage  produces  a  series  of  iDtemiitteDt  qnenohed 
diBohargea  between  the  plates,  each  of  which  is  accompaQied  by  & 
damped  oscilhitiou  id  the  condenser  circuits,  and  if  an  antenna  is 
connected  inductively  or  directly  to  one  oscillatory  circuit,  free 
persistent  slightly  damped  oscillatioae  are  set  up  in  it. 

Another  form  of  quenched  spark  discharger  was  invented  by 
W,  Feulert,  of  BnuiBwiok,  which  makes  use  of  a  film  of  oil  instead 
of  a  thin  air  gap  as  in  the  Telefunken  or  Von  Lepet  dischargers  (see 
The  E/ectrieian,  vol.  64,  p.  550,  January  14,  1910)." 


Fio.  74.— CotmectioiiB  of  the  Von  Lepel 
Ttansmittei  Circuits.  G,  Von  Lepel  Dig. 
charger;  C,  C|,  CondenMTB;  L,  L,  L„ 
IndnoltuiDeB ;  A,  Antenna;  S,,  8,,  Supply 
Teiminak. 


The  Feukert  discharger  consists  of  a  flat  stationary  metal  disc.  A, 
the  face  of  which  is  kept  flooded  with  oil  through  a  small  hole,  F,  in 
the  disc  (see  Fig.  ?5a).  Face  to  face  with  the  lixed  disc  is  another 
smooth  metal  disc,  B,  which  can  be  made  to  revolve  rapidly.  The 
interspace  between  the  discs  is  about  01  mm.  The  speed  of  the 
moving  disc  may  be  about  800  B.P.M.  The  discs  are  insulated  from 
each  other  and  form  the  two  surfaces  of  the  discharger.  When  a 
direct  corrent  voltage  of  about  200-400  volts  is  put  on  them  the  oil 
film  is  continually  pierced,  and  if  shunted  by  a  condenser  in  series 
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vrith  an  inductance  rapidly  damped  oscillations  are  set  up  in  this 
circuit. 

S'or  wireless  work  the  discs  are  best  placed  in  a  horizontal  position, 
and  one  oE  them  revolved  by  a  small  motor,  and  the  discs  may  be 
flanged  to  keep  them  cool  (see  Fig.  756).  The  discs  are  made  oE 
chemically  pure  copper,  or  copper  plated  with  silver.  Each  gap  or 
discharger  must  carry  a  current  of  not  more  than  4  amperes,  but 
the  voltage  may  be  direct  or  alternating,  and  from  440  to  1500  volts. 

The  author  has  arranged  a  modified  form  of  rotating  plate  dis- 
charger which  has  proved  very  convenient  for  use  in  the  laboratory.*^ 
It  produces  a  very  dead-beat  or  quenched   spark  discharge   and. 


Fio.  76. — SeotioQ  of  Flenuog  Quenohed  Spuk  Disohargec. 

therefore,  when  placedi  in  a  primary  circuit  sets  np  in  the  secondary 
circuit  free  oscillations  of  a  single  periodicity,  even  if  the  coupling  is 
close. 

It  consists  of  two  round  discs,  A^,  Aj  (see  Fig.  76),  of  polished 
steel  turned  extremely  true,  case-hardened  and  ground  dead  flat. 
One  of  these  A^  has  a  bole  F  in  the  oeqfxe,  the  other  A^  is  fixed 
to  a  shaft,  B,  running  true  in  ball  bearings.  This  shaft  is  carried 
in  a  fmme,  to  nhich  the  stationary  disc  is  fixed  by  adjusting  screws, 
C,  C ;  the  two  discs  are  insulated  from  each  other  and  are  placed  so 
that  their  surfaces  are  truly  parallel  and  separated  only  by  a  quarter 
of  a  millimetre.     The  frame  carrying  the  discs  is  placed  in  a  glass 

*■  See  British  Patent  Speci&cation,  No.  39243  of  1910. 
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vessel  filled  with  paraffin  oil,  and  the  upper  disc  is  i*evolved  by  an 
eleotric  motor  at  a  speed  of  2000  revs,  per  min.  The  moving  disc  is 
connected  to  one  insulated  terminal,  D,  by  a  rubbing  contact,  E,  on 
the  shaft,  and  the  fixed  disc  is  connected  to  another  insulated 
terminal  D'.  When  the  upper  disc  revolves  at  a  high  speed  it 
flings  the  oil  out  between  the  discs  and  fresh  oil  is  sucked  in  at  a 
hole,  F,  in  the  lower  disc.  There  is  therefore  a  continual  circulation 
of  the  oil  between  the  plates,  and  by  means  of  adjusting  screws  the 
lower  disc  is  placed  with  its  surface  perfectly  parallel  with  the  under 
surface  of  the  revolving  disc.  If,  then,  these  discs  are  made  the 
discharger  in  a  condenser  circuit,  the  discharge  takes  place  perfectly 
uniformly  over  the  whole  surface  of  the  two  discs,  that  is  to  say,  it 
does  not  take  place  continually  at  one  spot.  Moreover,  it  is  a  dead- 
beat  discharge.  The  spark  is  damped  out  of  existence  instantly, 
and  although  the  oil  becomes  carbonized  it  is  continually  being 
renewed  between  the  discs,  and  the  products  of  decomposition  do 
not  remain  between  the  plates. 

If  two  or  more  such  dischargers  are  joined  up  in  series,  we  have 
a  very  efficient  impact  discharger,  which  will  run  for  hours  by  the 
aid  of  a  small  electric  motor  without  attention. 

Several  dischargers  may  be  arranged  in  series  allowing,  say,  800 
volts  for  each  gap. 

The  actual  performance  of  any  type  of  discharger  can  best  be 
determined  by  the  use  of  the  author's  photographic  spark  counter 
(see  Chap.  II.  §  15),  by  which  it  is  possible  to  determine  at  once 
how  many  sparks  take  place  per  alternation  of  the  transformer,  or  per 
break  of  the  induction  coil  primary,  or  per  second.  If  the  spark  gap 
is  very  short  a  very  large  number  of  discharges  of  the  condenser  may 
take  place  at  each  interruption  or  alternate  current  period,  as  shown 
in  the  reproductions  in  Fig.  46//,  Chap.  II.,  of  spark  photographs  so 
taken. 

It  is,  therefore,  essential  in  any  measurements  of  efficiency  of  the 
plant  to  apply  the  spark  counter. 

•  Several  other  forms  of  rotating  discharger  have  been  invented. 
One  is  that  of  Lodge  and  Chambers,  constructed  as  follows : — 

It  consists  of  two  sets  of  grooved  copper  discs  like  pulleys 
separated  by  ebonite  washers  and  mounted  on  an  ebonite  shaft. 
These  discs  are  so  attached  to  a  support  that,  whilst  one  set  is  fixed  in 
position  the  other  set  can  be  moved  by  a  screw  parallel  to  the  first  set. 
The  discs  are  set  on  their  shafts  pair  and  pair  vdth  spacing  washers,  but 
the  discs  on  the  two  shafts  are  relatively  sa  placed  that  the  shortest  dis- 
tances compel  an  electric  discharge  to  jump  backwards  and  forwards 
from  one  set  of  discs  to  the  other.  Hence  the  whole  spark  gap  is  broken 
up  into  the  sum  of  a  large  number  of  very  short  gaps ;  whilst  the  sur- 
faces between  which  the  discharge  happens  are  continually  in  move- 
ment. The  arrangement  will  be  easily  understood  from  Figs.  77  and  78, 
which  show  the  plan  and  elevation.  The  discs  can  be  driven  in 
opposite  directions  by  a  small  electric  motor.  The  action  of  this 
discharger  when  set  in  a  condenser  discharge  circuit  is  to  produce  a 
highly  damped  or  quenched  discharge,  but  there  is  no  arrangement 
for  securing  a  true  musical  spark,  that  is  a  discharge  in  which  the 
sparks  happen  at  absolutely  equal  intervals  of  time. 


092 
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19.  Signalling  Keys. — Another  element  of  practical  importance 

in  the  transmitting  apparatus  is  the  signaUing  key.  In  order  to  create 
the  signals  it  is  necessary  to  be  able  to  close  the  primary  circuit 
either  of  the  induction  coil  or  alternating  current  traasformer  used  to 
charge  the  primary  condenser  for  longer  or  shorter  time,  in  accordance 


Fio.  77. — Lodge- Chambera  Rotating  Multiple  Qap  Discharger.    SootioD. 

with  the  signals  of  the  Morse  alphabet.  This  is  done  by  means  of  a 
primary  key.  When  using  an  ordinary  10-inch  induction  coil,  the 
primary  current  which  has  to  be  intermpted  is  a  current  of  about 
10  amperes.  This  can  be  easily  done  by  means  of  a  Morae  key, 
having  heavy  platinum  contacts  and  a  long  insulating  handle.     In 


Fio.  78.— Lodge-Chambers  Rotating  Multiple  Gap  Digoharger.     External  View. 

order  to  quench  the  spark  at  the  platinum  contacts  a  large  condenser 
may  be  placed  across  the  break  points,  or  else  a  magnet  may  be 
employed  as  a  magnet  blow-out  to  destroy  the  arc  which  tends  to 
form  on  separating  the  points. 

Mr,   Marconi  devised  a   key  for  induction  coil    working  which 
renders  it  impossible  to  commence  working  the  spark  coil  until  the 
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aerial  is  disconnected  from  the  receiving  apparatus.  The  key  is 
shown  in  Fig.  79,  where  the  black  portions  represent  ebonite.  When 
the  key  is  not  in  use  it  rests  on  its  back  contacts,  and  the  antenna  is 
connected  to  the  receiving  instrument,  ready,  therefore,  for  reception. 


FiQ.  79.~Marconi  Signalling  Key  arranged  to  Automatically  Disconnect  the 
Antenna  from  the  Beceiver  before  Signalling.  A,  connection  to  antenna; 
B,  connection  to  receiver  circuit;  P,  Q,  connections  to  primary  circuit  of 
induction  coil.     The  black  portions  are  ebonite. 

But  as  soon  as  the  operator  commences  to-  send  signals  it  automati- 
cally disconnects  the  antenna  from  the  receiving  instrument. 

When  alternating  currents  are  employed  to  excite  either  an  induc- 
tion coil  or  an  alternating  current  transformer,  keys  are  now  employed 
which  are  practically  sparkless,  because  the  contact  cannot  be  broken 


FiQ.  80." 


T,  Ta 

-Non-sparking  Key  used  with  Alternating  Currents.     E,  electromagnet ; 

M,  intermediate  contact. 


until  the  instant  when  the  current  in  the  primary  circuit  passes 
through  its  zero  value.  This  is  achieved  by  making  the  primary 
current  pass  through  an  electromagnet,  which  holds  down  the  contact 
piece  when  once  it  is  pushed  down  by  the  key,  and  the  primary  circuit 
is  not  broken  again,  even  if  the  key  is  raised,  until  the  primary  current 
passes  through  its  zero  value  (see  Fig.  80). 
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Another  of  the  author's  devices  is  a  signalling  key  operated  by  a 
punched  tape  (see  British  specification.  No.  25,382,  of  November  20, 
1903,  or  United  States  apecifioation,  No.  792,015).  The  object  of 
this  invention  ia  to  actuate  the  key  employed  to  short-circuit  the 
choking  coils  described  in  the  transmitting  arrangement  covered  by 
the  British  specification,  No.  3481  of  1901,  For  this  purpoae  a 
key  is  used  which  effects  the  required  short-circuiting  by  immersing 
in  a  mercury  vessel  two  prongs  carried  on  the  end  of  an  arm  (see 
Fig.  81).  A  light  wooden  arm,  a,  is  pivoted  on  a  fixed  atand,  and 
carries  two  wires,  which  are  connected  respectively  to  two  fixed 
terminals.  These  wires  end  in  curved  branches,  which  are  immersed 
in  a  vessel  of  mercury,  j,  when  the  arm  is  dcpresaed,  thus  con- 
necting or  short-circuiting  the  choking  coil  terminals.  The  switch 
terminals  are  connected  by  wires  with  the  choking  coil  H  in  the 
drrangement  above  mentioned.  The  movement  of  the  arm  ia  effected 
in  the  following  manner :  The  shorter  end  of  the  arm  carries  a  tape,  il. 
which  iiea  over  the  pulley  of  a  rapidly  revolving  electric  motor.     A 


jockey  pulley,  g,  rests  upon  thia  tape,  the  said  jockey  pulley  being 
carried  at  the  end  of  a  pivoted  arm,  to  which  is  also  attached  an  iron 
armature  situated  near  the  poles  of  an  electromagnet,  h.  When  the 
circuit  of  this  electromagnet  is  closed,  the  armature  is  drawn  down, 
and  the  jockey  pulley  presses  the  tape  against  the  pulley  of  the 
revolving  motor,  causing  it  to  grip  and  be  wound  up  as  far  as  it 
will  go.  The  short  end  of  the  arm  is  then  raised,  and  the  long 
aide  depressed,  thus  immersing  the  curved  wirea  in  the  mercury 
vessel. 

The  electromagnet  is  energized  by  means  of  another  battery,  the 
circuit  of  which  is  closed  through  two  wheels.  One  of  these  is  a  wide 
pulley,  on  which  the  perforated  paper  tape,  n,  is  made  to  travel  by 
means  of  clockwork,  and  the  other  wheel  is  a  small  platinum  diac,  /, 
which  drops  through  the  holes  punched  in  the  paper  tape  and  makes 
contact  with  the  larger  wheel,  thus  completing  the  electric  circuit  at 
intervals  and  for  times  corresponding  to  the  holes  punched  in  the  tape 
in  accordance  with  the  Morse  signals.  This  arrangement  permits  of 
the  rapid  and  certain  operation  of  the  key,  the  function  of  which  is 
to  short-circuit  the  choking  coils  in  the  arrangement   described  in 
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Chap.  I.  Fig.  76,  and  so  oreate  the  oscillations  in  the  associated 
transformer  circuit.  Any  message  can  be  punched  by  hand  on 
suitable  lengths  of  paper  tape,  and  these  fed  through  the  transmitter 
in  proper  order.  In  transmitting  code  messages,  such  an  automatic 
sending  key  is  of  great  value,  as  the  spacing  of  letters  and  words  is 
accurately  kept,  whatever  the  speed  of  transmission* 

In  the  method  of  signalling  devised  by  the  author,  a  pair  of 
choking  coils  are  interposed  between  the  alternator  supplying 
the  alternating  current  to  the  transformer  or  battery  of  trans- 
formers. The  signals  are  made  by  short-circuiting  one  or  both 
of  these  choking  coils.  A  convenient  way  of  doing  tUs  is  to  divide 
the  choking  coils  into  a  number  of  sections.  These  sections  are 
connected  to  metal  pins  carried  on  a  long  rocking  arm,  each  pin 
being  shorter  than  its  neighbour,  the  whole  group  being  arranged 
like  a  series  of  pan-pipes.  If  this  group  of  pins  is  plunged  into 
mercury,  it  short-circuits  the  sections  of  the  choking  coil  one  after 
the  other,  and  not  simultaneously.  The  rocking  arm  can  be  worked 
by  the  arrangement  above  described.  The  arm  is  pivoted  at  one 
point,  so  that  one  arm,  viz.  that  to  which  the  pins  are  attached,  is 
much  longer  than  the  other.  To  the  end  of  the  short  section  is  attached 
a  strap  or  tape,  which  lies  loosely  on  the  pulley  of  an  electric  motor, 
which  is  rapidly  rotating.  Over  this  strap  rests  a  jockey  pulley,  carried 
on  another  lever,  which  can  be  depressed  by  the  attraction  of  an  electro- 
magnet. As  long  as  the  jockey  pulley  does  not  press  hard  upon  the 
tape  it  does  not  grip  the  motor  pulley,  but  very  little  pressure  upon 
the  jockey  pulley  cast  for  energizing  the  electromagnet  will  cause  the 
strap  to  bite  upon  the  motor  pulley,  and  it  is  then  rapidly  wound  up, 
causing  the  lever  carrying  the  pins  to  be  depressed.  The  magnet  can 
be  energized  by  means  of  the  current,  which  is  given  the  required 
intermittency  by  means  of  a  strip  of  punched  paper  tape  on  which  the 
signals  to  be  transmitted  have  been  punctured.  This  punched  tape  is 
niade  to  travel  by  clockwork  over  a  wheel,  and  a  little  contact  point 
drops  through  the  holes  in  the  tape  and  closes  the  electro-circuit  of  the 
electromagnet  for  a  longer  or  shorter  time,  according  as  the  hole  in  the 
punched  tape  is  a  dot  or  a  dash.  By  this  arrangement  the  signals 
impressed  upon  the  tape  are  repeated  by  the  main  key,  and  a  large 
alternating  current  can  be  started  or  stopped  in  the  primary  circuit 
of  a  bank  of  transformers. 

To  keep  the  mercury  in  the  vessel  into  which  the  pins  dip  from 
volatilizing,  it  is  necessary  to  flow  a  current  of  cold  water  over  it, 
but  if  this  is  done  the  arrangements  act  very  perfectly,  and  are 
capable  of  sending  with  far  greater  ease  and  certainty  than  by  any 
hand  key. 

Another  method  of  signalling  with  syntonic  apparatus  is  to 
throw  the  secondary  or  antenna  circuit  into  and  out  of  tune  with  the 
primary  condenser  circuit  by  cutting  out  inductance,  or  to  short- 
circuit  the  condenser  in  the  spark  circuit  by  an  impedance  coil. 
This  last  method  is  to  be  preferred,  as  it  intermits  the  spark. 
Automatic  sending  by  punched  tape  has  for  power  station  purposes 
superseded  hand  sending  entirely. 

The  type  of  signalling  key  mostly  used  in  small  and  large  power 
stations  on  the  spark  system  is  the  relay  key,  in  which  a  small 
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continuous  current  is  manipulated  by  an  ordinary  telegraph  or  Morse 
key.  This  current  serves  to  actuate  an  electromagnet  which  closes 
the  circuit  of  the  alternating  currents  in  the  charging  transformer 
primary  circuit. 

The  Marconi  Company  employ  a  relay  key,  the  construction  of 
which  is  shown  in  Figs.  82  and  83.*«  In  its  simplest  form  it  consists 
of  an  electromagnet,  J,  which  is  energized  by  an  alternating  current 
which  is  taken  from  an  alternator,  a.  The  coil,  n,  which  is  interposed 
may  be  the  primary  coil  of  a  transformer  or  transformers  which 
serve  to  charge  the  condenser  of  the  transmitter.  This  circuit  has 
two  closing  contacts,  e  and  /,  one  closed  by  the  attraction  of   an 
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Fig.  88. 


Belay  Keys  used  by  Marconi's  Wireless  Telegraph  Company  in  Large  Stations. 

armature,  d,  and  the  other  by  pressing  down  a  key,  g.  If  the  latter 
is  depressed,  the  ele^ctromagnet,  b,  is  energized  and  closes  the 
contact,  e.  If  then  the  key,^,  is  raised,  the  contact,  «,  remains  closed 
until  the  alternating  current  passes  through  its  zero  value  when  it 
flies  up  and  opens  the  contact.  In  this  way  the  contact,  e,  is  opened 
without  sparking. 

The  key,  g,  may  in  turn  be  pressed  down  by  a  second  electro- 
magnet, /,  operated  by  the  current  from  a  battery  and  a  key,  m  (see 
Fig.  83)  at  a  distance.  In  this  manner  a  key  opening  and  closing  a 
circuit  conveying  a  very  small  direct  current  can  be  made  to  start  and 
stop  a  large  alternating  current  in  a  highly  inductive  circuit  without 


«•  See  British  Patent  Specification,  No.  25381,  of  1903. 
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much  sparkiDg.  This  spark  can  be  reduced  and  the  contacts  at  e  kept 
cool  by  a  blast  of  air  thrown  on  to  them  from  a  blower.  By  the  use 
of  this  key  the  Marconi  Company  operate  high-power  long-distance 
transmitters  by  means  of  a  Wheatstone  or  Greed  automatic  trans- 
mitter working  with  punched  tape. 

20.  Reoeiving  Apparatas  in  Radiotelegraphy :  Tuners.— The 
electromagnetic  waves  sent  out  from  the  transmitteo*  fall  on  receiving 
antennsB  located  at  various  places,  and  if  these  latter  are  syntonized 
or  tuned  to  the  frequency  of  these  waves,  oscillations  are  set  up  in 
the  receiving  antenna  which  resemble  in  type,  but  are  much  more 
feeble  in  intensity  than,  those  sent  out  from  the  sending  antenna. 
If  the  emitted  waves  or  wave  trains  are  cut  up  into  groups  to  form 
Morse  signals,  then  the  oscillations  set  up  in  the  receiving  antenna 
are  similarly  divided  up.  For  good  reception  the  mean  receiving 
antenna  current  near  its  base  should  have  an  E.M.S.  value  of  40  to 
100  microamperes. 

These  antenna  oscillations  are  caused  to  transfer  their  energy  to 
another  closed  receiving  circuit  comprising  an  inductance  and  a 
variable  capacity  which  is  coupled  to  the  antenna  circuit  either  by  a 
single  coil  or  by  a  double  coil  oscillation  transformer  or  jigger. 

It  is  necessary,  therefore,  to  provide  means  for  tuning  the  antenna 
to  the  frequency  of  the  incident  waves,  and  also  to  tune  to  it  the 
closed  receiving  circuit.  It  is,  therefore,  requisite  to  have  in  the 
antenna  circuit  a  variable  inductance  called  a  tuning  inductance 
or  variometer,  and  also  in  some  cases  a  condenser  of  variable 
capacity,  called  an  aerial  tuning  condenser,  placed  in  series  with  the 
antenna. 

In  the  Marconi  system  there  is  also  a  very  short  spark  gap,  called 
an  earth  arrestor,  inserted  somewhere  between  the  eiarth  plate  con- 
nection and  the  antenna  proper.  The  receiving  circuit  is  connected 
to  the  two  sides  of  this  spark  gap.  This  gap  is  sufficient  to  compel 
the  feeble  oscillations  induced  in  the  aerial  by  the  incident  waves  to 
pass  through  the  aerial  tuning  condenser,  and  the  primary  of  the 
receiving  jigger  or  oscillation  transformer. 

When,  however,  powerful  oscillations  are  set  up  in  the  antenna 
by  the  transmitting  apparatus,  this  small  spark  gap  is  bridged  by  the 
spark  and  connects  the  antenna  to  earth  whilst  short-circuiting  or 
cutting  out  the  receiving  circuits.  Hence  there  is  no  switching  over 
of  the  antenna  from  transmitter  to  receiver.  The  whole  arrangement 
is  perfectly  automatic.  It  will  be  understood  from  the  diagram  in 
Fig.  84,  which  shows  the  arrangement  of  sending  and  receiving 
appliances  on  the  Marconi  system. 

A  feature  of  the  closed  receiver  circuit  of  the  Marconi  Company 
is  the  intermediate  closed  circuit  in  the  receiver.  Furthermore,  it  is 
necessary  to  be  able  to  vary  the  coupling  or  mutual  inductance  of  the 
coils  which  transfer  the  energy  from  the  antenna  to  the  closed 
receiving  circuit.  These  various  changes  are  effected  by  the  use  of 
appliances  called  **  tuners  "  or  receivers  in  which  all  the  necessary 
changes  can  be  made  quickly  by  moving  rotating  switch  contacts.  As 
^n  example  of  such  an  arrangement,  we  shall  describe  here  the  tuner 
devised  and  used  by  Marconi's  Wireless  Telegraph  Company. 

This  tuner  consists  of  a  box  which  is  provided  with  three  adjustable 
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condeDsers  and  five  adjustable  inductance  coils  (see  Fig.  85).^ 
Tho^e  condensers  consist  of  semicircular  metal  plates  separated  by 
some  dielectric  such  as  ebonite,  alternate  metal  plates  being  connected 
together  to  an  axis,  so  that  by  rotating  this  axis  one  set  of  plates  cao 
be  more  or  less  moved  in  between  the  others,  and  the  capacity  of  the 
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condenser  so  formed  varied,  the  actual  capacity  being  indicated  by  a 
divided  scale  on  the  head.  This  instrument  contains  three  such 
condensers,  respectively  called  the  aerial  tuning  condenser,  the  inter- 
mediate tuning  condenser,  and  the  detector  tuning  condenser,  and 

• 

B<>  Soe  British  Patent  Specification,  No.  12,960,  June  4, 1907,  granted  to  the 
Marconi  Wireless  Telegraph  Company,  Ltd.,  and  G.  S.  Franklin. 
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these  oondanserB  are  arranged  in  connection  with  inductance  coils  as 
shown  in  Figs.  85  and  86.  In  thia  diagram,  A  (Pig.  85)  represents 
the  antenna  or  aerial  wire,  and  B  represents  an  aerial  tuning  induct- 
ance in  series  with  it,  and  Cj  represents  tlie  aerial  tuning  condenser, 
and  in  the  same  circuit  is  inserted  any  desired  portion  of  another  coil 


CirouitB  of  the  Mwraoni  Tuner. 


P|,  one  point  of  which  can  he  put  to  earth  £.  The  coil  P^  is  loosely 
coupled  with  another  coil  tij,  which  forma  part  of  the  intermediate 
circuit  comprising  the  intermediate  condenser  C.and  the  two  coils  Sj 
and  §2 ;  Sj  being  loosely  coupled  with  the  coil  P^,  and  S^  loosely 
coupled  with  the  coil  P^,  which  last  coil,  together  with  the  condenser 


Fio.  86.— Perapective  View  of  the  Mucool  Tuner. 


Cg,  called  the  detector  tuning  condenser,  forms  the  circuit  to  which 
the  receiver  R  is  connected,  which  may  be  the  coil  of  a  magnetic 
detector  or  of  any  other  suitable  receiver.  The  oscillations  Bet  up  in 
the  antenna  A  set  up  oscillations  in  the  coil  Fj,  which  induce  others 
in  the  coil  Sj,  and  these  again  other  oscillations  in  the  coil  Sj,  and 
these  in  turn  ^et  up  OBcitlalionB  in  the  coil  Pj  which  finally  affect  the 
receiver.     The  coupling  of  the  coils  S|  and  Pj  can  be  altered,  and 
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also  of  82  and  P2,  and  the  inductances  and  capacities  are  also 
variable,  as  described.  The  capacity  of  the  condensers  C^,  C2,  and 
C3  can  be  continuously  vaiied  from  zero  to  a  maximum  value  of  about 
0*001  microfarad. 

In  adjusting  the  instrument  for  use,  the  antenna  circuit,  com- 
prising the  coil  6  and  the  condenser  G^  and  a  portion  of  the  coil 
Pj,  has  to  be  varied  until  its  natural  period  coincides  with  that  of  the 
waves  to  be  received.  The  intermediate  circuit,  comprising  the  con- 
denser C2  and  the  coils  Sj  and  82,  has  then  also  to  be  tuned  by  vary- 
ing the  capacity  until  it  has  the  same  period,  and  in  hke  manner  the 
circuit  containing  the  coil  P2  and  the  condenser  C3  has  to  be  tuned 
until  it  has  the  same  natural  period.  Looking  at  the  perspective  view 
of  the  instrument  (see  Fig.  86),  the  aerial  condenser  is  the  left-hand 
condenser,  the  intermediate  condenser  is  the  middle  condenser,  and 
the  detector  condenser  is  the  right-hand  condenser.  The  handles  of 
the  aerial  tuning  inductance  and  of  the  tuning  switch  are  seen  in  the 
middle  of  the  diagram,  but  those  for  varying  the  coupUng  of  the 
oscillation  transformers  are  not  shown. 

This  instrument  is  mostly  employed  by  the  Marconi  Company  in 
connection  with  the  Marconi  magnetic  detector.  Hence  there  are 
four  terminals  on  the  instrument  respectively  marked  earth,  aerial, 
and  magnetic  detector.  The  aerial  wire  has  in  series  with  it  the 
secondary  circuit  of  the  transmitting  jigger  and  also  a  tuning  coiL 
These  are  connected  outside  the  terminal  marked  aerial.  The  earth 
arrestoT  is  shown  at  d  in  Fig.  87.  In  setting  the  aerial  tuning  induct- 
ance and  aerial  condenser,  the  best  values  to  select,  of  course,  depend 
upon  the  wave  length  to  be  received.  A  httle  experience  shows 
which  are  the  best  values  to  use  at  any  particular  station,  but  the 
following  is  the  process  for  adjusting  the  instrument  when  signals 
from  the  station  with  which  it  is  required  to  communicate  are  to  be 
picked  up. 

1.  Adjust  the  aerial  tuning  inductance,  keeping  the  aerial  con- 
denser short-circuited,  and  then  the  aerial  condenser  must  be  adjusted 
until  the  strongest  signals  are  obtained. 

2.  Set  the  intensifier  handle  to  90°. 

3.  Set  the  tuning  switch  to  the  wave  length  roughly  indicated  by 
the  amount  of  the  aerial  tuning  inductance  and  the  aerial  condenser. 

4.  Throw  over  the  changing  switch  to  tune,  and  then  vary  the 
intermediate  tuning  condenser  and  the  detector  tuning  condenser 
together  until  the  best  signals  are  obtained.  It  is  necessary  that 
these  two  condensers  should  be  varied  as  nearly  as  possible  together. 

5.  Adjust  the  aerial  tuning  condenser  to  give  the  strongest  signals, 
and  if  any  interference  is  found  adjust  the  intensifier  to  a  small  value, 
and  then  adjust  the  condensers  again.  The  further  this  intensifier 
handle  is  turned  from  90°  the  sharper  will  the  adjustments  of  the 
condensers  become,  owing  to  the  looser  coupling  and  the  greater 
freedom  from  interference. 

The  variation  in  the  coupling  of  the  two  circuits  of  the  oscillation 
transformers  is  efifected  by  forming  one  coil  of  a  short  or  squat 
cylindrical  form,  and  the  other  in  a  concentric  coil  which  can  be 
rotated  by  a  shaft,  so  as  to  set  the  axes  of  the  two  coils  more  or  less 
in  line,  and  thus  vary  their  mutual  inductance.     In  some  cases  the 
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Marconi  company  employ  a  pair  of  sliding  tubes  one  within  the  other 
for  the  variable  capacity  condensers. 

In  most  ordinary  amateur  receiving  arrangements  the  circuits 
comprise  merely  a  jigger  or  two-coil  oscillation  transformer,  one 
circuit  of  which  is  inserted  in  the  aerial  circuit  between  the  antenna 
and  the  antenna  tuning  coil,  and  the  other  circuit  is  connected  to  the 
terminals  of  a  condenser  of  variable  capacity.  To  the  terminals  of 
this  condenser  are  attached  as  a  shunt  the  ends  of  a  circuit  which 
comprises  a  high  resistance  double  head  telephone,  having  a  crystal 
detector  carborundum  or  else  a  "  Perikon  "  rectifier  in  series  vnth  it. 
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Fio.  87. — 'Details  of  the  (^oirnections  of  the  Marconi  Tuner. 


The  telephone  should  have  a  resistance  of  at  least  2000  and  preferably 
4000  ohms. 

The  jigger  should  have  •  its  two  coils  separable,  so  as  to  be  able  to 
vary  the  coupling  over  a  wide  range.  Whatever  form  of  tuner  is 
employed  the  oscillations  in  the  antenna  expend  their  energy  in 
prodiicing  in  the  closed  receiver  circuit  coupled  to  the  antenna  others 
which  are  a  copy  on  a  reduced  scale  of  those  in  the  sending  antenna, 
and  if  these  latter  are  cut  up  into  Morse  signals  so  are  the  former. 
We  have,  then,  to  make  these  signals  audible  or  visible.  To  do  this 
I'equires  the  employment  generally  of  some  form  of  detector,  and  the 
mode  of  connection  of  it  with  the  closed  receiving  circuit  depends  on 
the  nature  of  the  detector.  If  it  is  a  magnetic  detector  the  oscilla- 
tion coil  of  the  latter  is  inserted  in  series  with  the  condenser  in  the 
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closed  receiver  circuit.  If,  on  the  other  hand,  it  is  a  high  resistance 
detector,  such  as  a  rectifying  contact  or  an  ionized  gas  or  glow  lamp 
detector,  it  is  connected  as  a  shunt  across  the  terminals  of  the 
receiving  circuit  condenser  (see  IHg.  88).  Detectors  which  are  suitable 
for  inserting  in  series  with  the  condenser  in  the  closed  receiving 
circuit  are  sometimes  called  ciurrent  operated  detectors,  whilst  those 
which  are  inserted  as  a  shunt  to  the  condenser  are  called  potential 
operated  devices.  The  real  difiference  between  them  is,  however, 
simply  their  impedance.  High  impedance  or  resistance  detectors  are 
inserted  in  shunt  and  low  resistance  in  series.  In  Pig.  85  the  coil  R 
is  the  oscillation  coil  of  a  magnetic  detector,  and  is,  therefore,  placed 
in  series  with  the  condenser  C3.  In  Fig.  84  a  crystal  detector  Cr  is 
used  and  it  is,  therefore,  placed  in  shunt  to  the  condenser  C3. 
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Fig.  88.— Arrangement  of  Beoeiving  Cirouit  when  using  Fleming  Valve  Detector. 
L|,  R„  aerial  tuning  coil  and  condenser  ;  L2,  La>  receiving  jigger;  K„  reoeiving 
condenser ;  F,  valve  detector ;  T,  telephone  ;  B,  valve  battery. 

21.  ReceiTln^  Arrangements  for  Undamped  VaYes. — The 

various  forms  of  detectors  we  have  described  in  Chapter  VI.,  such  as 
the  magnetic,  crystal  or  rectifying  valve,  or  the  electrolytic  detector,  are 
only  adapted  when  used  in  series  with  a  telephone,  for  receiving 
Morse  signals  by  undamped  wave  trains.  If  the  waves  are  un- 
damped then,  when  a  telephone  in  series,  say,  with  a  rectifier,  is 
inserted  as  a  shunt  to  the  receiving  condenser,  the  telephone  would 
be  traversed  by  a  feeble  but  practically  continuous  current.  If  the 
wave  train  is  cut  up  at  the  sending  end  by  a  key  into  Morse  signals, 
then  all  that  would  be  heard  in  the  telephone  would  be  a  ttrk  or 
slight  sound  at  the  beginning  and  end  of  each  signal.  To  secure  the 
reception  of  properly  defined  Morse  dots  and  dashes,  the  continuous 
or  undamped  waves  must  be  divided  in  some  way  into  equal  groups, 
of  which  the  frequency  lies  within  the  limits  of  audition,  and  is  best 
somewhere  near  500.  This  will  then  create  by  itself  a  continuous 
sound  in  the  telephone  which  is  capable  of  being  cut  up  into  Morse 
signals  by  means  of  the  sending  key. 

There  are  three  well-known  and  ingenious  appliances   for  the 
reception  of  Morse  signals  by  a  telephone  when  continuous  waves  are 
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used,  viz.  the  Poulsen  tikker,  the  Fessenden  heterodyne  telephone, 
and  the  Goldschmidt  tone  wheel. 

The  Poulsen  tikker  in  its  original  form,  consists  of  a  small 
contaot  maker,  in  which  a  couple  of  thin  gold  wires  are  brought 
together  and  separated  by  some  vibrating  electromagnetic  arrange- 
ment like  an  electric  bell  or  buzzer. 

This  tikker  is  connected  in  series  with  a  condenser  of  rather  large 
capacity,  and  a  telephone  is  connected  in  shunt  across  the  terminals 
of  the  condenser.  The  whole  arrangement  is  then  placed  as  a  shunt 
to  the  adjustable  condenser  G  which  is  in  the  closed  receiving  circuit. 


Fio.  89. — Mode  of  using  a  Tikker  and  Telephone  for  reoeiving  Signals  ivith 
Undamped  Waves.  T,  rotating  brass  disc ;  W,  steel  wire  oontaot ;  G,  receiv- 
ing oondenser ;  Gj,  telephone  condenser ;  Tel,  telephone. 

The  scheme  of  connections  is  as  in  Fig.  89.  Hence  no  rectifier  or 
detector  in  the  usual  sense  of  the  word  is  employed.  The  operation 
of  the  tikker  is  as  follows.  Suppose  the  tikker  contacts  are  open. 
There  is  then  only  the  closed  receiving  circuit  in  connection  with  the 
antenna,  and  the  antenna  current  creates  and  increases  by  resonance 
a  certain  current  in  the  closed  circuit  and  a  certain  potential  difiference 
at  the  terminals  of  the  adjustable  condenser  in  the  closed  circuit. 
When  the  tikker  contacts  close,  the  capacity  of  the  condenser  shunting 
the  telephone  is  added  to  that  of  the  adjustable  condenser  and  an 
oscillation  of  new  and  lower  period  is  set  up  in  which  the  telephone 
shunt  condenser  takes  part.     When  the  tikker  contacts  open  again 
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the  charge  in  the  telephone  shunt  condenser  flows  through  the 
telephone  and  causes  a  movement  of  its  diaphragm  which  creates  a 
short  sound  in  the  ear  of  the  listener.  If  the  tikker  continues  to 
operate,  these  sounds  run  together  into  a  more  or  less  continuous 
sound.  If  the  continuous  waves  sent  out  from  the  sending  station 
are  interrupted  so  as  to  form  Morse  signals,  then  the  soimd  made  by 
the  telephone  will  be  correspondingly  interrupted.  The  arrangement 
is,  therefore,  adapted  for  reception  with  continuous  waves  only. 
Moreover  the  sound  heard  in  the  telephone  has  the  pitch  of  the 
tikker  frequency,  and  unless  the  vibration  of  the  tikker  is  extremely 
uniform,  is  not  a  true  high  pitch  musical  note.  Also  since  the 
amount  of  the  charge  in  the  condenser  which  is  discharged  through 
the  telephone  is  not  always  the  same,  but  depends  on  the  instant  at 
which  the  tikker  contacts  open,  there  is  always  a  certain  irregularity 
in  the  sound  heard  in  the  telephone.  Moreover  its  pitch  is  not  in 
general  high  enough  to  be  heard  above  and  over  atmospheric  sounds. 
Nevertheless  the  receiver  is  a  very  sensitive  one  when  used  in  con- 
nection with  the  continuous  waves  produced  by  the  Poulsen  arc 
generator.  In  recent  forms  of  tikker  the  contacts  are  not  vibrated, 
but  a  revolving  brass  disc,  T,  has  the  point  of  a  steel  wire,  W,  lightly 
pressing  on  its  edge  (see  Eig.  89).  This  makes  a  chattering  contact 
which  answers  better  than  the  vibrating  contact  of  gold  wires.  It  is 
applied  in  the  same  manner. 

The  receiving  instrument  invented  by  Dr.  E.  Goldschmidt,  which 
he  calls  a  tone  wheel,  is  a  highly  ingenious,  and  very  effective  one. 
It  consists  of  a  wheel  having  teeth  filled  in  with  some  insulating 
material  against  which  one  or  more  brushes  press,  so  as  to  interrupt 
a  circuit  when  the  wheel  revolves.  The  wheel  is  driven  by  an  electric 
motor  at  a  high  speed,  and  there  are  arrangements  for  controlling 
the  speed  and  preventing  variations  in  it.  The  external  view  of  the 
apparatus  is  as  in  Fig.  90.  The  wheel  has  a  large  number  of  teeth, 
say  800,  on  its  circuroference,  and  it  is  driven  at  a  speed  which  makes 
the  frequency  of  the  interruptions  approximately  agree  with  that  of  the 
continuous  waves  used.  Thus,  for  instance,  let  us  suppose  that 
the  wave  length  of  the  continuous  waves  used  produced,  say,  by  a 
high  frequency,  Goldschmidt  alternator  is  6  kilometres,  then  the 
wave  frequency  is  50,000.  Then  the  problem  presented  is  to  reduce 
this  frequency  say  to  500,  so  as  to  be  audible  in  the  telephone.  If, 
then,  the  wheel  has  800  tiaeth  and  revolves  at  a  speed  of  3750  revo- 
lutions per  minute  or  62*5  per  second,  50,000  contacts  will  be  made 
per  second.  Suppose  the  width  of  a  tooth  is  equal  to  the  space 
between  the  teeth,  and  that  the  receiving  antenna  current  or  one 
created  inductively  by  it  is  passed  from  the  wheel  to  the  contact  brush, 
and  then  through  a  telephone.  The  wheel  as  it  revolves  will  cut  off 
or  pass  all  the  half  waves  of  current  passing  in  one  direction,  and  the 
telephone  will  be  traversed  by  intermittent  currents  in  the  same 
direction,  having  a  frequency  of  50,000.  The  telephone  will,  there- 
fore, emit  no  sound.  If  the  speed  of  the  tone  wheel  is  shghtly  in- 
creased or  diminished  so  as  to  be  out  of  step  with  the  frequency  of 
the  antenna  currents,  then  it  is  easy  to  see  that  there  will  be  a  kind 
of  interference  which  will  produce  a  variation  in  the  current  passing 
through  the    telephone,   and  that   the    frequency  of   this    varying 
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telephone  omrent  wUl  be  the  difference  between  the  tone  wheel 
frequency  and  the  antenna  cotrent  frequency. 

Thus,  in  the  case  just  oonaidered,  let  ua  suppose  that  the  speed 
ot  the  tone  wheel  is  reduced  from  3750  E.P.M.  to  3694  E.P.M., 
thee  the  frequency  of  the  contact  interruptions  would  he  reduced 
from  50,000  to  49,250  nearly.  Hence  there  would  be  750  beats  per 
second,  and  a  shrill  sound  would  be  produced  by  the  telephone 
baling  this  frequency  of  750.  If,  then,  the  continuons  waves  are  cut 
up  at  the  sending  end  into  Morse  signals,  they  would  be  heard  at  the 
receiving  end  by  a  hstener  at  the  telephone. 

The  tone  wheel  not  only  serves  as  a  receiver  but  as  a  wavemeter 
as  well.  For  if  we  know  the  speed  of  the  wheel  at  which  the  sound  in 
the  telephone  is  just  quenched,  and  if  we  know  the  number  of  teeth  on 


[By  permitiitK  qf  Un  PrirprUlvrl  of  •'  Vu  JOteMeitM." 
FiQ.  90.— The  Qoldsobtuidt  Tone  Wheel  Detector. 

the  wheel,  the  product  of  these  two  numbers  gives  us  the  wave 
frequency  and  therefore  the  wave  length. 

Also  it  serves  as  an  interference  preventer  because  it  is  generally 
possible  to  run  the  wheel  at  such  a  speed,  that  whilst  the  signals  of 
the  station  in  correspondeDce  are  beard  well,  those  of  other  stations 
have  such  a  high  or  such  a  low  note  that  they  are  not  heard.  Again 
atmospherics  or  stray  waves  can  also  be  cut  out. 

Another  form  of  receiving  device  for  continuous  waves  called  the 
Heterodyne  receiver  has  been  invented  by  B.  A.  Fesaenden,  It 
involves  the  use  of  a  telephone  of  particular  construction,  and  is 
based  upon  a  principle  of  interference  analogous  to  that  of  the 
Goldscbmidt  tone  wheel. 

Suppose  a  telephone  receiver,  D,  is  wound  with  two  independent 
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coils  (see  Eig.  91)  through  one  of  them  G^  is  passed,  a  high  frequency 
alternating  current  which  is  the  current  in  a  receiving  antenna,  A,  or 
else  one  generated^  inductively  by  it.  If  this  current  had  a  frequency 
as  high  as,  say,  50,000  it  would  not  create  any  sound  in  the  telephone 
on  account  of  the  inabiHty  of  such  high  frequency  currents  to  pass 
through  the  telephone  coil  as  well  as  of  the  ear  to  appreciate  as 
sound  vibrations  of  such  high  pitch/  Suppose  that  through  the 
other  coil  G  is  passed,  another  high  frequency  locally  generated 
current  of  approximately  the  same  strength,  but  with  a  frequency 
differing  from  the  first  by,  say,  500,  or  having  a  frequency  of  49,500. 
Then  these  currents  would  interfere  and  the  telephone  diaphragm  D 
would  be  acted  upon  as  if  a  current  having  a  frequency  of  500  were 
passed  through  a  single  coil.  It  would  therefore  create  a  sound. 
In  the  Fessenden  system  of  heterodyne  reception  one  of  these 
currents  is  created  by  a  local  high  frequency  alternator,  G,  of  which  the 
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Fig.  91. — Fessenden  Heterodyne  Method 
of  Keception. 


Fig.  92. 


speed  and,  therefore,  the  frequency  can  be  controlled  by  the  receiving 
operator.  The  other  current  is  the  receiving  antenna  current,  or  else 
one  generated  inductively  by  it.  The  telephone  used  may  have  one 
coil  on  its  magnets  which  is  traversed  by  the  local  high  frequency 
current,  and  another  coil  fixed  to  the  inner  side  of  the  diaphragm 
which  is  traversed  by  the  current  in  the  receiving  antenna,  or  by  one 
induced  by  it.  ^  These  two  currents,  then,  cause  the  coils  to  attract 
and  repel  each  other,  and  the  resultant  effect  is  that  the  diaphragm 
is  moved  as  if  by  a  current  having  a  frequency  equal  to  the  difference 
of  the  frequencies  of  the  antenna  and  the  local  current.  The  arrange- 
ment will  be  understood  by  the  diagram  in  Fig.  92. 

A  modification  of  this  electrodynamic  method  is  found  in  the  use 
of  a  static  telephone  in  which  the  diaphragm  is  a  very  light  disc 
moved  to  and  fro  by  electrostatic  attractions.  This  electrostatic 
receiver  is  shown  in  Fig.  93,  in  which  A  is  the  receiving  antenna,  D 
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the  diaphragm  of  the  electrostatic  telephone,  and  B  a  coil  coiipled 
inductively  with  the  local  high  frequency  circuit  containing  the  H.F. 
alternator  G.  A  still  better  arrangement  is  shown  in  Fig.  94.  In 
this  the  antenna  circuit  is  coupled  inductively  by  one  coH  B''  with 
the  local  high  frequency  circuit  containing  the  H.F.  alternator  G. 
It  is  also  coupled  by  means  of  another  coil  B'  with  a  tuned  circuit 
containing  an  ordinary  crystal,  valve,  or  contact  rectifier  L,  and  a  pair 
of  head  magneto  telephones  M  are  included  as  usual  in  this  circuit. 
If,  then,  high  frequency  undamped  waves  fall  on  the  antenna  these 
create  currents  in  it  which  interfere  with  the  high  frequency  currents 
of  different  frequency  created  by  the  local  H.F.  alternator  G.  The 
ordinary  rectifier  and  telephone  circuit  coupled  to  the  antenna  coil  B' 
is  then  affected  by  a  current  having  a  frequency  equal  to  the  difference 


Fia.  94.-  Scheme  of  Connections  of  the  Receiv- 
ing Circuit  in  the  Fessenden  Heterodyne 
Receiver. 

of  the  frequencies  of  the  incident  waves  and  of  the  local  current. 
This  last  arrangement  gives  the  best  result.  It  is  called  the  method 
of  beat  reception.  The  heterodyne  receiver  gives  the  operator  full 
power  to  adjust  the  resultant  frequency  of  the  sound  in  the  tele- 
phone to  cut  out  and  override  the  growl  or  noise  due  to  atmospherics 
and  also  can  act  as  an  interference  preventer  to  cut  out  or  render 
inaudible  signals  from  stations  with  which  communication  is  not 
desired  if  their  wave  length  is  different  from  that  of  the  station  which 
it  is  desired  to  hear.  With  this  heterodyne  receiver  signals  have 
been  easily  read  at  a  distance  of  3000  miles. 

The  theory  of  this  heterodyne  receiver  may  be  given  as  follows : 
Let  I'l  =  Ij  cos  {pt  —  $)  represent  the   current  created  in   the 
antenna  or  coupled  circuit  by  the  incident  wavoQ, 
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Let  *2  =  I2  ^os  (S^  "^  ^)  represent  the  ourrent  of  different  phase  and 
frequency  created  by  the  local  alternator.     Then-j- 

i  =  ii  +  i2  =  li0os{pt  —  d)  +  l2cos{qt  —  <f>)    .     .     .     (63) 

represents  the  resultant  antenna  current. 
This  may  be  written — 

i  =  liGOs{pt-'e)  +  l2COs{pt  —  pt  —  <^)      .     .     (64) 

where  j3  =p  —  q. 

Expanding  the  right-hand  side  of  this  last  equation  and  collecting 
terms  in  sin  pt  and  cos  pt  we  have — 

t  =  Til  sin  ^  + 12  sin  (j3^  +  <^)  J  sin  pt 

+  [liCos^  +  l2Cos(ja  +  <^)]cos;;/ (65) 

Hence  by  a  well-known  trigonometrical  theorem  the  maximum 
value  of » =  I  is  given  by 

I2  =  Ij2  +  Ig2  +  2Iil2COS(j3/.f^-(?)        .      .      (66) 

Accordingly  the  maximum  current  varies  with  a  frequency  (p  —  fl')/3w. 
Also  the  square  of  the  ampUtude  varies  from 

Il2  +  1^2 +  2Iil2=(li +1^)2 

to      Ii  +  V  -  2Iil2  =  (Ii  - 12)2 (67) 

Hence  the  l^alf  difference  of  the  above  expressions,  on  which  the 
loudness  of  the  sound  of  the  signal  depends,  is  2I1I2.  Accordingly 
it  is  possible  to  increase  the  loudness  of  the  signal  oy  increasing  the 
local  current. 

This  heterodyne  receiver  may  also  be  appUed  to  the  detection  of 
feebly  damped  waves.  For  if  we  suppose  that  a  train  of  feebly 
dajnped  waves  is  incident  on  the  antenna,  and  if  tbe  group  or  wave 
train  frequency  is  small,  we  can  create  beats  in  these  damped  trains 
by  the  superposition  of  continuous  or  undamped  oscillations  of 
suitable  amplitude.  By  the  use  of  the  connections  as  in  Fig.  94, 
we  can  create  heals  in  the  telephone  which  can  have  a  higher  fre- 
quency than  the  sound  due  to  the  frequency  of  the  damped  trains 
and  therefore  be  distinguishable  from  it. 

The  heterodyne  receiver  is,  however,  a  receiver  more  adapted  for 
undamped  than  for  damped  waves. 

22.  Sisals-making  Appliances  or  Recorders.— In  addition  to 
the  detector  itself  which  is  the  device  or  appliance  directly  affected 
by  the  electric  oscillations  set  up  in  the  receiving  circuit,  we  have  also 
to  associate  with  it  some  apparatus  for  recording  this  change  in  the 
detector  and  making  an  aucQble  or  visual  signal  in  the  Morse  or  other 
code  corresponding  to  the  signals  sent.  The  appliances  used  for 
such  signal  reception  are :  (i.)  si  Bell  magneto-telephone  either  of  low 
or  very  high  resistance,  (ii.)  a  Morse  inker  printing  in  dot  and  dash 
on  telegraphic  tape;  (iii.)  a  Syphon  recorder;  (iv.)  an  Einthoven 
galvanometer  sometimes  including  means  for  photographing  on  sensi- 
tive slip  the  movements  of  the  fibre ;  (v.)  more  comphcated  apparatus 
for  recording  in  alphabetic  form  or  printing  down  the  message 
signals. 


THE    APPABATUS   OF   RADIO-TELEGBAPHT  709 

By  far  the  most  commonly  used  arraDgement  is  a  double  receiver 
Bell  magneto  telephone  of  high  resistance,  say  at  least  1000  ohms, 
and  better  2000  or  4000  ohms  for  each  receiver.  The  telephones 
are  attached  to  a  steel  band  which  fits  on  the  head  of  the  operator 
and  brings  the  two  magneto  receivers  opposite  each  ear.  This  leaves 
the  operator's  hands  free.  The  magnetos  are  of  the  usual  watch 
form  in  ebonite  oases. 

If  the  detector  used  is  the  Marconi  magnetic  detector  in  which 
the  E.M.F,  generated  is  small,  then  it  is  advisable  to  employ  a 
telephone  receiver,  the  coils  of  which  have  a  resistance  of  only  100 
or  200  ohms  or  so.  If,  however,  the  detector  is  a  crystal  of  carbo- 
rundum or  a  perikon  or  other  rectifying  contact  or  an  ionized  gas  or 
Fleming  oscillation  valve,  then  the  telephone  coils  should  have  as 
high  resistance  as  possible  being  wound  with  extremely  fine  copper 
wire  in  many  tiu*ns.  Beceivers  with  resistance  of  4C)()0  ohms  are 
commonly  used.  The  crystal  or  rectifying  contact  or  glow  lamp 
valve  has  generally  in  series  with  it  a  small  direct  E.M.F.  provided 
by  a  voltaic  cell  shunted  by  a  high  resistance  arranged  as  a  potentio- 
meter (see  Fig.  88)  and  tbis  is  placed  in  series  with  the  telephone 
and  the  two  as  a  shunt  across  the  receiver  condenser.  The  operator 
has  then  to  tune  the  closed  receiving  circuit  to  the  antenna  by  shifting 
a  contact  on  the  inductance,  or  better,  by  varying  the  capacity  of  the 
sliding  or  adjustable  condenser.  He  may  then  have  to  vary  the 
coupling  of  the  two  coils  in  the  oscillation  transformer  which  con- 
nects the  antenna  and  closed  receiver  circuit.  The  operator  does 
this  with  the  telephones  on  his  head.  As  each  group  of  electric 
waves  impinges  on  the  antenna,  it  sets  up  damped  oscillations  in 
the  receiving  circuits,  and  these  are  rectified  to  that  corresponding 
to  each  train  of  oscillations,  assuming  damped  intermittent  trains  of 
oscillations  are  being  used,  a  gush  of  electricity  takes  place,  through 
the  telephone  making  a  short  sound.  If  the  trains  succeed  each 
other  quite  regularly  these  sounds  run  together  to  produce  in  tho 
telephone  a  sound  of  pitch  corresponding  to  the  spark  frequency. 
If  that  frequency  is,  say,  500  per  second  then  the  sound  is  a  shrill 
musical  note.  The  manipulation  of  the  key  in  the  transmitter 
circuits  cuts  up  this  sound  into  longer  or  shorter  periods  correspond- 
ing to  the  Morse  dash  or  dot. 

The  operator  then  reads  the  letters  by  ear  and  writes  them  down 
as  received.  The  operator  soon  learns  to  write  down  whole  words 
at  once.  The  process  is  the  inverse  of  reading  music  at  sight.  In 
the  latter  the  performer  translates  certain  written  or  printed  signs 
into  audible  sounds.  In  the  wireless  reception  by  telephone  he 
translates  the  audible  sounds  into  written  letters  or  words.  Such 
form  of  reception  by  ear  is  rendered  difficult  by  reason  of  sounds 
called  "  strays,"  or  **  atmospherics,"  which  are  due  to  natural  electric 
waves  produced  by  atmospheric  electricity  or  distant  thunderstorms. 
These  make  themselves  evident  by  squeaking  or  rustling  sounds  in 
the  telephone.  Also  any  signal  waves  .which  are  due  to  other 
stations  and  are  not  tuned  out  cause  interference. 

When  using  the  telephone  as  a  signal  receiving  instrument  the 
operators  are  much  assisted  by  the  adoption  of  a  suitable  spark 
frequency  and  syntonized    telephone.     The   sound    made   in    the 
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telephone  on  depressing  the  signalhng  key  is  really  a  series  of  very 
short  sounds,  each  of  which  is  produced  by  a  single  spark  at  the  spark 
balls  of  the  distant  transmitter.  Hence  the  note  that  is  heard  in 
the  telephone  is  the  result  of  the  rapid  reiteration  of  these  short 
sounds.  If  the  spark  frequency  is  uniform  and  anything  above  a 
hundred  per  second,  then,  when  the  signalling  key  is  oontinaoualy 
depressed  at  the  transmitting  station,  the  operator  at  the  receiving 
end  hears  a  musical  note  at  the  telephone  corresponding  to  this  spark 
frequency.  This  note  only  has  a  true  musical  character  if  the  time 
interval  between  the  sparks  is  perfectly  uniform.  As  we  have  seen, 
this  is  very  far  from  being  the  case  when  an  induction  coil  with  an 
ordinary  or  mercury  break  is  employed,  but  when  an  alternating 
current  transformer  is  used,  then  much  greater  uniformity  in  the 
spark  frequency  is  possible.  The  ordinary  telephone  receiver  is  most 
sensitive,  according  to  the  researches  of  Lord  Kayleigh  and  M.  Wien, 
for  some  frequency  lying  between  500  and  1000.  This  is  in  part 
a  physiological  phenomenon  depending  on  the  qualities  of  the  human 
ear  and  partly  due  to  the  telephone.  Thus,  Lord  Eayleigh  (see  PhU. 
Mag,,  vol.  38,  1894,  p.  285,  and  '*  Theory  of  Sound,"  vol.  i.  p.  473) 
measured  the  alternating  current  in  micro-amperes  required  to  prodace 
the  least  audible  sound  in  a  telephone  receiver  of  70  ohms  resistance 
at  various  frequencies,  and  found  values  as  follows  : — 


Frequency 


Least    audible   current   in 
microamperes 


•         •         • 


126 

192 

256 

307 

820 

884 

512 

28 

2-5 

0-88 

0-49 

0-82 

0-16 

0-07 

640  I  768 


004     0-1 


M.   Wien  found  for  a   Siemens  telephone  somewhat  different 
results,  viz. — 


I 
Frequency I    64 


Least   audible   current   in 


microamperes 


•         •         •         • 


12 


128 

256 

512 

720 

1927 

1-6 

0-18 

0-027 

0-006 

0013 

1500 


0O24 


Both,  however,  agree  in  finding  a  maximum  sensitiveness  for 
currents  of  a  frequency  between  600  and  700.  This  is  partly  due  to  the 
fact  that  the  frequency  of  the  actuating  current  then  agrees  approxi- 
mately with  the  natural  frequency  of  the  ordinary  size  of  telephone 
diaphragm.  Hence,  alternators  for  large-power  radiotelegraphic 
stations  are  now  designed  to  give  currents  with  a  frequency  of  about 
300  or  600  alternations  per  second,  so  that  when  producing  dis- 
charges of  a  condenser,  the  number  of  sparks  per  second  may  be  at 
least  600,  and  fulfil  the  conditions  for  giving  maximum  sound  in  the 
telephone  of  the  receiver  per  microampere. 

Accordingly,  by  the  adoption  of  this  spark  frequency,  the  sound 
made  in  the  telephone  is  not  only  the  loudest,  but  its  musical 
character  enables  the  operator  to  distinguish  clearly  between  the 
sounds  in  the  telephone,  constituting  the  Morse  signals,  for  which 
he  is  listening,  and  other  sounds,  irregular  and  often  of  a  lower  note, 
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which  are  due  either  to  atmospheric  electric  diBturbances,  or  to 
vagrant  waves  of  some  other  stations.  The  human  ear  possesses 
the  pecuhar  power  of  paying  attention  to  sounds  of  high  pitch,  and 
disregarding  those  of  lower  pitch  which  may  be  affecting  it  at  the 
same  moment.  Attention  was  drawn  to  this  by  B.  A.  Eessenden 
(see  U.S.A.  Patent  No.  918,307,  of  1908),  and  previously  by  Lord 
Ilayleigh,  in  1907  (see  Fhil.  Mag.,  November,  1907).  Fessenden 
states  {loc,  cit.)  that,  with  a  spark  frequency  of  900,  messages  can  be 
read  with  great  ease  by  telephone ;  when  at  a  frequency  of  260  they 
are  unintelhgible  by  reason  of  disturbing  atmospheric  discharges. 
One  of  the  important  characteristics  of  Marconi's  high-speed  rotating 
dischargers  is  that  they  can  impart  this  high-pitched  musical 
character  to  the  sounds  made  by  the  distant  spark  in  the  telephone 
at  the  receiving  end.  It  is  also  one  of  the  advantages  claimed  for 
the  quenched  spark  system  when  using  a  high  frequency  alternator. 
It  is  partly  for  this  reason  that  the  method  of  reception  by  telephone 
and  ear  has  so  largely  superseded  the  method  of  receiving  signals  by 
the  Morse  printer,  because  the  coherer  detector  used  with  the  printer 
cannot  distinguish  between  various  classes  of  waves  affecting  the 
antenna  in  the  same  way  that  the  human  ear  can,  and  it  is  therefore 
much  more  difficult  to  keep  the  true  signals  free  from  confusion  by 
the  interpolation  of  marks  on  the  tape,  due  to  atmospheric  discharges. 

In  the  early  days  of  telephonic  reception,  when  a  spark  frequency 
as  low  as  50  was  not  imcommon  and  when  by  the  use  of  a  hammer 
interrupter  on  the  induction  coil  this  frequency  was  very  irregular, 
aural  reception  .was  a  much  more  difficult  thing  than  it  is  at  present. 
The  chief  objection  to  the  method  now  is  that  it  leaves  no  automatic 
record  of  the  message. 

By  far  the  larger  number  of  commercial  telegrams  are  sent  in  code, 
and  hence  if  a  single  signal  is  dropped,  the  operator  can  obtain  no 
assistance  in  replacing  it  from  the  sense  of  the  context  as  is  the  case 
when  ordinary  language  is  used.  Hence  it  has  always  been  felt  that 
an  automatic  record  of  the  message  was  valuable.'  In  his  earliest 
work,  Marconi  employed  a  Morse  inker  to  record  the  message  which 
was  operated  by  a  balanced  polarized  relay  actuated  in  turn  by  a 
coherer.  The  Morse  inker  consists  of  an  electromagnet  which  draws 
down  an  armature,  limited  in  play  by  two  adjustable  stops.  This 
armature  is  on  one  end  of  a  pivoted  lever,  the  other  end  of  which 
carries  a  metal  inking  wheel  which  just  dips  in  a  small  vessel  of 
printing  ink.  There  is  also  a  clockwork  motion  in  a  box  which  drives 
a  strip  of  paper  over  the  inking  wheel  in  such  fashion  that,  when  the 
electromagnet  draws  down  the  armature,  the  inking  wheel  is  raised, 
and  prints  on  the  paper  tape  a  dot  or  a  dash  according  to  the  duration 
of  the  current  through  the  electromagnet.  To  work  the  printer  well 
requires  a  current  of  about  40  to  50  multiamperes.  Associated  with 
this  printer  is  a  polarized  relay. 

The  relay  generally  used  is  a  slight  modification  of  the  Siemens 
polarized  relay  or  else  a  British  Post  Office  standard  relay. 

The  const^ction  of  this  polarized  relay  is  as  follows :  A  curved 
permanent  steel  magnet  carries  on  one  pole  a  pair  of  soft  iron 
cores  which  are  wound  with  magnetizing  coils  (see  Fig.  95).  On 
the  other  pole  is  pivoted  one  end  of  a  light  steel  bar  carrying  a 
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GermoD  silver  prolongation.  Thia  bar  ie  cestraJoed  from  movement 
by  two  platinum  tipped  Etop  screws,  and  its  end  carries  a  hammer- 
shaped  platinum  contact  piece.  The  two  stops  are  cairied  on  a  ba«e 
movable  by  an  adjusting  screw.  The  permanent  magnet  magnetizes 
by  induction  both  the  soft  iron  cores  and  the  pivoted  steel  armatm« 
bar.  This  latter  is  attracted,  therefore,  to  one  or  other  of  the  cores, 
whichever  happens  to  be  nearest,  as  determined  by  the  position  of  the 
two  stop  screws,  and  will  rest  against  one  of  them.  If  then  a  current 
is  passed  through  the  coils  in  such  a  direction  as  to  weaken  the 
polarity  of  the  core  nearest  the  armature  bar  and  strengthen  that  of 
the  other,  the  armature  bar  will  fly  over  to  the  other  stop  screw. 
The  steel  armatm^  bar  is  electrically  insulated  from  the  rest  of  the 
construction,  but  connected  through  its  pivots  vrith  a  terminal.     The 


Fio.  9S.— British  Post  Office  Polarized  B«Uj. 

sliding  base,  which  carries  the  stop  screws,  is  connected  also  to  a 
terminal,  and  one  side  of  the  end  of  the  pivoted  lever  is  insulated  so 
that  it  makes  electrical  contact  through  platinized  terminals  with  one 
of  the  stop  screws. 

Beturning,  then,  to  the  action  of  the  instrument,  let  us  suppose 
that  the  stop  screw  carriage  is  so  placed  that  the  pivoted  lever  is 
pressing  its  insulated  side  against  one  screw,  and  is  being  attracted 
most  to  the  iron  core  on  that  same  side.  If  a  small  current  passes 
through  the  electromagnet  coils  in  the  right  direction  to  weaken  one 
pole  and  strengthen  the  other,  the  pivoted  lever  can  be  made  to  fly 
over  against  the  other  stop  and  make  an  electrical  contact  with  it, 
and  so  close  a  circuit  which  sends  a  current  through  the  magnet  of 
the  Morse  inker.  If  this  current,  through  the  relay  magnet  coils, 
ceases,  the  pivoted  lever  v/ill  nob  go  back  against  the  insulated  stop. 
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but  it  can  be  made  to  do  so  by  the  tension  of  a  very  light  spiral 
spring  attached  to  the  pivoted  lever.  By  proper  adjustments  the 
relay  contacts  between  the  end  of  the  pivoted  lever  and  the  screw 
stop  contact  can  be  made  or  broken  by  the  passage  of  less  than  a 
quarter  of  a  milliampere  through  the  relay  electromagnet  coils. 
Hence  a  small  current  of  this  order  may  be  made  to  close  the 
circuit  of  6  or  8  dry  cells  which  can  supply  the  current  of  about 
40  or  60  milliamperes  required  to  operate  the  Morse  inker.  Mr. 
Marconi  adapted  this  relay  for  shipboard  purposes  by  balancing  the 
pivoted  lever,  so  that  the  rolling  or  pitching  of  the  vessel  did  not 
disturb  its  proper  working.  Also  he  enclosed  it  in  an  air-tight  case 
so  that  the  moisture  of  sea  air  could  not  deposit  on  the  relay  contact 
points  and  cause  them  to  stick. 

A  rather  more  sensitive  form  of  relay,  known  as  the  Post  Office 
Standard  relay,  is  also  used.  It  works  on  much  the  same  principle 
as  the  above  described  relay.  With  care  it  can  be  adjusted  to  break 
and  make  contact  with  0*1  of  a  milliampere  through  the  relay 
magnet  coils. 

In  the  first  few  years  of  radiotelegraphy,  Mr.  Marconi  used  such  a 
relay  and  inker  in  conjunction  with  his  coherer  and  tapper  (see 
Ohap.  YL  §  3),  and  the  receiving  circuits  as  figured  in  Fig.  6  of  this 
Chapter,  to  print  down  messages  in  Morse  characters.  The  numerous 
adjustments  of  the  tapper,  relay,  and  Morse  inker  to  get  the  best 
result  required  a  good  deal  of  skill,  and  in  addition  the  intermixture 
of  stray  signs  due  to  atmospheric  discharges  were  not  always  easy  to 
eliminate.  Accordingly  the  employment  of  the  telephone  associated 
with  a  magnetic  detector  oscillation  valve  or  rectifying  contact,  and 
the  use  of  a  high  spark  frequency,  was  hailed  as  a  great  improvement. 

More  recent  recording  arrangements,  adapted  for  higher  speed 
working,  involve  the  use  of  an  Einthoven  galvanometer  and  photo- 
graphic recording.  As  made  by  the  Cambridge  Scientific  Instru- 
ment Company  an  Einthoven  galvanometer  consists  of  an  electro- 
magnet having  a  very  strong  field  in  a  narrow  interpolar  air-gap  (see 
Fig.  96).  In  this  gap  is  held  a  silvered  glass  or  quartz  fibre.  An 
optical  arrangement  enables  an  image  of  this  fibre  to  be  projected  on 
a  screen  by  means  of  a  ray  of  light  from  an  arc  lamp  which  passes 
through  suitable  lenses,  and  through  holes  in  the  electromagnet  pole 
pieces.  If  this  fibre  is  placed  in  series  with  any  oscillation  rectifying 
device,  such  as  a  Fleming  oscillation  valve  or  a  rectifying  contact, 
oscillations  can  be  converted  into  a  practically  continuous  current 
flowing  through  the  silvered  fibre.  The  latter  is  then  defl^ected  or 
displaced  across  the  steady  magnetic  field,  and  this  minute  movement 
is  greatly  magnified  by  the  optical  projection.  In  this  manner  a 
current  o{  30  or  40  microamperes  can  be  made  to  produce  a  move- 
ment of  several  millimetres  or  even  centimetres  in  the  optical  image 
of  the  fibre. 

This  movement  can  be  made  quite  dead  beat,  and  as  the  moving 
parts  are  extremely  light,  the  fibre  can  follow  with  great  rapidity  the 
changes  producing  the  signals.  When  a  dot  signal  is  sent  the  fibre 
makes  a  sudden  deflection  to  one  side,  and  then  springs  back.  When 
a  dash  is  sent,  the  deflection  is  maintained  for  a  short  time.  To 
record  the  signals  the  image  of  the  fibre  is  allowed  to  fall  on  a  strip 
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of  sensitive  photographic  film,  a  oylindrical  Iodb  being  interposed  to 
compress  the  image  loDgitudioalij.  The  film  is  moved  forwud  by 
clockwork  or  a  motor  behind  a  elit  in  the  light-tight  chambo'  in 
which  the  film  moves.  It  then  passes  through  developing,  washing, 
and  fixing  baths.  If  the  fibre  in  the  galvanometer  does  not  move, 
then  the  film  preaents  a  white  line  nmning  down  the  centre  when 


[BypirmilienB/OuOiailirUgeSeimt^c 


developed.  If  the  fibre  is  displaced  by  a  signal,  then  long  or  short 
notches  are  out  out  of  this  hne  and  indicate  the  signals.  The  speed 
obtainable  in  this  manner  is  from  60  to  100  words  a  minute. 

Messages  can  also  be  printed  down  on  the  tape  of  a  Morse  inker 
by  the  employment  of  a  sufficiently  sensitive  relay.  Thus  F.  Bucretet 
and  E,  Boger  of  Paris  have  devised  relays  on  the  model  of  an  ordinary 
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moTiDg  coil  galT&nometei'  or  eyphon  recorder  which  cloBe  a  local 
oiroult;  by  the  passage  of  even  a  ourreDt  of  5  microamperes.  Associ- 
ated with  this  sensitive  relay  iB  an  electroljrtic  detector  aod  local  cell 
which  is  set  in  action  by  the  antetina  current.  By  this  combioatioD 
the  radio  tele  graphic  signals  from  long  distance  stations  can  be  made 
to  record  themselves  in  Morse  signals.  An  extremely  sensitive  relay 
has  been  invented  by  S.  G.  Brown.  In  this  instrument  a  moving 
coil,  saapeuded  in  a  strong  magnetic  field,  is  deflected  by  the  oscil- 
lations when  rectified  by  any  form  of  contact  or  ionized  gas  rectifier. 
The  moving  ooil  carries  a  long  stylus  ending  in  an  iridium  point,  the 
end  of  which  rests  npon  a  metal  cylinder.     This  cylinder  is  divided 
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Fid.  97. — Axel  OrUng  Jet  ReU?.  U,  jet  tube ;  J,  nater  jet ;  d,  defleoting  fibre ; 
Q,  gAlvaooiueter  ooil;  Cr,  crjstftl  rectifier;  T,  Id  dined  plate;  B,  battery; 
R,  electromagnetio  relay ;  W,  vuiabje  renstance. 


into  two  porta  by  a  mica  or  other  insulating  aheet.  This  drum  is 
contiDually  revolved  slowly  by  a  motor,  and  hence  any  sticking  of  the 
contact  point  is  prevented.  The  local  circuit  through  the  Morse 
inker  is  closed  when  the  galvanometer  coil  deflects  and  so  causes  the 
point  resting  on  the  drum  to  deflect,  and  make  contact  with  the 
metal  of  one  side  of  the  revolving  cylinder. 

Another  very  sensitive  relay  ia  one  invented  by  Axel  Orling,  called 
a  jet  relay.  This  is  constructed  as  follows :  Prom  a  vessel  containing 
slightly  acidulated  water,  a  stream  of  the  liquid  flows  dovm  a  glass 
pipe,  U ,  and  issues  as  a  very  fine  jet  at  the  lower  end.  A  very  sleoder 
fibre  of  quartz  is  fixed  into  this  nozzle  so  aa  to  be  contained  in  the 
jet  of  liquid.    Across  the  jet  of  liquid  another  quartz  fibre  extends, 
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which  is  fixed  Uke  a  bowstring  across  a  rigid  bent  filament  of  glass. 
This  last  is  in  turn  fixed  to  the  moving  coil  of  a  syphon  recorder 
or  moving  coil  galvanometer,  G  (see  Mg.  99). 

Hence,  if  the  coil  moves  ever  so  little,  the  bowstring  quartz 
filament  presses  on  the  filament  inside  the  jet  of  liquid  and  displaces 
the  jet  through  a  considerable  angle.  This  jet  falls  on  to  an  inclined 
conducting  plate,  T,  and  it  is  easily  seen  that  any  displacement  of  the 
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Fig.  98. — Part  of  a  Wireless  Message  sent  out  from  the  Marconi  Station  at 
Goltano,  near  Pisa,  and  received  at  Seaford,  Sussex,  England,  recorded  by  an 
Axel  Orling  Jet  Belay. 

jet  will  alter  the  length  of  the  liquid  column  which  intervenes  between 
the  nozzle  and  the  inclined  conducting  plate.  This  alters,  of  course, 
the  electrical  resistance  of  the  column  of  Uquid.  This  resistance 
change  can  be  made  to  operate  an  ordinary  relay,  B,  and  Morse  inker 
so  as  to  print  down  Morse  signals  in  response  to  currents  of  not  more 
than  10~d  ampere  passing  through  the  movable  coil  galvanometer, 
the  coil  of  v^hich  carries  the  arm  which  deflects  the  liquid  jet. 
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Hence  by  the  uae  of  a  high  resistance  coil  in  series  with  a  crystal 
rectifier,  the  two  being  shunted  across  the  condenser  in  the  receiving 
circuit  of  the  radiotelegraphic  apparatus,  it  is  possible  to  print  down 
in  ordinary  Morse  characters  the  signals  received  even  when  very 
faint. 


Fig.  99.— Telephone  Magnifying  Relay  of  S.  G.  Brown  (Type  A). 

The  illustration  in  Fig.  98  shows  a  reproduction  of  a  part  of  a  tape 
bearing  such  Morse  recorded  signals  taken  down  with  an  Orling  jet 
relay  at  a  station  in  Seaford,  England,  the  signals  being  sent  out  from 
the  Marconi  station  at  Coltano,  near  Pisa,  Italy.^^ 

In  cases  in  which  it  is  not  necessary  to  record  signals,  but  when 


[s]  im 


Fio.  100. — Connections  of  Brown  Telephone  Relay. 

they  are  too  weak  to  give  good  readable  sounds  in  the  telephone,  a 
telephone  relay,  invented  by  Mr.  S.  G.  Brown,  is  of  great  use.  This 
relay  is  made  as  follows  :  The  poles,  S,  N,  of  a  permanent  horse-shoe 
magnet  carry  soft-iron  extension  poles  on  which  are  wound  two  coils 
of  wire,  H  and  E  (see  Figs.  99  and  100).   Through  the  coils,  H,  passes 

*^  The  writer  is  indebted  for  this  sample  of  tape  to  the  kindness  of  Mr.  E. 
Raymond-Barker. 
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the  feeble  current  to  be  magnified.  Over  the  pole  pieoes  is  an  elastic 
reed  of  nickel  steel  (inTar)  which  has  its  free  extremity  over  and 
close  to  the  magnet  poles.  This  reed  carries  a  hard  carbon  block  or 
button,  O,  on  its  upper  surface,  which  is  just  touched  by  an  iridium 
point,  M.  Through  this  contact  passes  a  current  which  circulates 
also  round  the  magnet  coil,  E,  and  through  an  ammeter  and  shunted 
telephone. 

The  scheme  of  circuits  will  be  understood  from  the  diagram  in 
Fig.  100.  It  is  clear  that  when  the  feeble  currents  circulate  in  the 
coils,  H,  the  invar  reed  is  set  in  vibration,  and  the  variation  of  contact 


FiO.  101.— Telephone  Magnlfpng  Relay  of  S.  G.  Brovm  (Type  A). 

resistance  at  MO  alters  in  like  manner  the  currents  through  the 
telephone.  Moreover,  the  current  flowing  across  the  contact  helps  to 
maintain  it  in  adjustment  just  as  the  current  through  an  arc  h.mp 
mechanism  strikes  and  maintains  the  arc. 

The  external  appearance  of  the  form  of  relay,  called  type  A,  is 
shown  in  Fig.  101.  The  telephone  used  has  a  low  resistance,  and  is 
connected  in  circuit  with  the  relay  through  an  auto-transfoimer,  and 
a  2-mfd.  condenser  as  shown  in  the  diagram.  The  condenser  excludes 
the  continuous  current  and  the  transformer  raises  the  voltage. 

The  connection  with  the   receiving  circuits  and  antenna  is  as 
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shown  in  Fig.  102.     The  use  of  this  relay  magnifies  feeble  radio- 
telegraphic  signals,  so  that  they  can  be  heard  all  over  a  room  even 


^-  ^^ 


'P/iy  Comfenier       ^^/^ 


Fig.  102. — Soheme  of  Oonneotions  when  using  S.  G.  Brown  Telephone  Belay 

to  Magnify  Feeble  Wireless  Signals. 


when  hardly  audible  at  all  without  the  relay.  Mr.  Brown  has  also 
invented  another  type  of  Telephone  Belay  for  Wireless  Telegraphy, 
not  so  portable  as  the  A  type  but  more  sensitive. 

In  the  latest  pattern  of  Axel  Orling  jet  relay  (see  Mg.  97)  the 
jet  faUs  upon  a  glass  knife-edge  and  wets  the  two  sides  of  it.  These 
two  liquid  films  then  form  the  two  arms  of  a  Wheatstone's  Bridge, 
in  the  bridge  circuit  of  which  is  placed  the  recording  instrument. 
Invisibly  small  movements  of  the  jet  then  alter  the  relative  resist- 
ances of  these  two  films  and  cause  the  recorder  to  make  a  signal. 


CHAPTER  Vni. 

RADIOTELEQRAPHIG  STATIONS. 

1.  RadiotelegFaphio  Stations  and  Systems. — ^In  this  chapter  we 
shall  consider  the  comhination  of  the  various  appliances  which  have 
been  described  in  previous  chapters  into  the  complete  plant  for 
transmission  and  reception  as  required  in  radiotelegraphic  statioDB. 
It  has  become  the  custom  to  speak  of  various  types  of  radiotele- 
graphic plant  as  different  '*  systems "  of  radiotelegraphy.  The 
differentiation  chiefly  depends  on  whether  the  wave  generation  is 
dependent :  (i)  on  condenser  discharges,  (ii)  on  the  use  of  an  electric 
arc,  or  (iii)  on  the  emplojrment  of  a  high  frequency  alternator. 
These  methods  are  commonly  called  the  spark,  the  arc,  or  the 
alternator  systems  of  radiotelegraphy. 

Strictly  speaking,  the  fundamental  distinction  is  the  employment 
either  of  (i)  damped  intermittent  wave  trains,  or  else  (ii)  undamped 
or  persistent  waves. 

In  the  case  of  the  spark  or  damped  wave  train  system  we  may 
employ  (i)  strongly  damped  wave  trains  and  a  low  spark  frequency, 
a  method  now  hardly  ever  used,  or,  (ii)  feebly  damped  wave  trains 
with  high  spark  frequency,  generally  about  600,  or  else  wave  trains 
in  close  sequence  to  each  other. 

Besides  these  broad  differences  distinctions  are  sometimes  made 
by  affixing  some  inventor's  name  to  a  group  of  appliances,  but  this  is 
not  a  scientific  classification.  A  classification  which  is,  however, 
of  utility  has  reference  to  the  range  and  object  of  the  stations.  Thus 
we  speak  of  (i)  coast  or  short  distance  stations  intended  to  com- 
municate up  to  300  or  400  miles.  (2)  Long  distance  or  high  power 
stations  for  distances  of  2000  to  3000  miles  or  more.  (3)  Ship 
stations  on  board  ship.  (4)  Military  or  portable  stations;  and 
(5)  Experimental  stations  for  research  work. 

In  order  that  the  reader  may  understand  the  general  arrange- 
ments  used  and  methods  of  operating  in  each  case,  we  shall  describe 
more  or  less  in  detail  the  arrangements  in  certain  typical  stations  of 
these  various  classes.  It  is  no  longer  necessary  to  occupy  space  by 
descriptions  of  the  early  development  of  radiotelegraphic  stations,  as 
these  have  at  present  not  much  interest  for  practical  workers. 

2.  Coast  Stations. — In  selecting  the  site  for  coast  stations  many 
considerations  must  have  weight,  but  the  locality  is  mostly  determined 
by  the  nature  of  the  work  to  be  done,  which  is  usually  the  establish- 
ment of  communication  with  certain  hues  of  shipping,  or  with  another 
station  across  a  channel.   Accordingly,  such  radiotelegraphic  stations 
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are  generally  put  as  near  as  possible  to  the  coast,  frequently  in 
isolated  positions,  and  often  situated  on  the  summit  of  a  high  cliff. 
In  any  case  a  site  must  be  selected  which  permits  of  substantial 
foundations  for  a  mast  and  facility  for  erecting  the  same.  The  mast 
is  generally  a  stout  ship's  mast  constructed  in  three  sections,  and 
having  a  height  of  from  100  to  180  feet ;  steel  lattice  masts  are  also 
used  in  some  places.  In  supporting  the  mast,  if  steel  wire  guys  are 
employed,  they  must  be  cut  up  into  lengths  by  insulators  for  the 
purpose  of  preventing,  oscillations  of  the  same  time  period  as  the 
antenna  being  absorbed  by  them.  One  type  of  insulator  employed 
consists  of  a  series  of  balls  of  insulating  material  having  grooves  at 
right  angles  on  them ;  the  balls  are  connected  by  a  well-tarred  or 
paraffined  rope,  and  the  loop  of  the  stay  passes  round  the  groove  at 
right  angles  to  that  carrying  the  rope  (see  Fig.  1).  In  other  cases  a 
chain  of  ebonite  or  porcelain  dead-eyes  are  employed, 
the  dead-eyes  being  connected  by  a  rope.  The  top  of 
the  mast  sometimes  carries  a  gaff,  to  the  upper  extremity 
of  which  is  attached  a  pulley  for  raising  the  antenna. 
The  aerial  wire  may  consist  of  hard-dravim  copper  or 
phosphor  bronze  wire,  preferably  stranded.  A  single 
plain  vertical  antenna  has  not  sufficient  capacity  for 
anything  more  than  a  short  range,  whilst  the  T-shape 
or  L-shape  antennas  have  directive  quahties  and  un- 
symmetrical  radiative  power.  Hence  a  favourite  form 
of  antenna  for  coast  stations  is  the  umbrella  antenna. 
This  form  of  antenna  has  symmetrical  radiation  in  all 
directions,  but  being  a  partly  closed  antenna  its  radia- 
tion decrement  is  not  nearly  so  large  as  that  of  the 
single  or  multiple  vertical  antenna.  Hence  the  oscil- 
lations in  the  umbrella  form  are  more  sustained,  and 
the  larger  capacity  bestows  considerable  energy  on 
them. 

In  some  cases  the  mast  is  replaced  by  a  metal 
strut  insulated  at  the  bottom  by  oeing  carried  on  a 
slab  of  marble  or  porcelain,  and  is  made  part  of  the  antenna.  In 
this  case  the  stays  supporting  the  strut  must  be  insulated  from  it. 
In  those  cases  in  which  a  conductive  earth  is  employed,  copper  or 
zinc  plates  must  be  sunk  in  the  groimd.  The  best  form  of  earth 
plate  is  a  number  of  radiating  wires  or  strips  of  copper  laid  under- 
ground sufficiently  deep  to  be  in  damp  soil.  It  is  always  advisable 
to  put  down  the  earth  plate  in  three  sections  not  too  close  together 
for  the  sake  of  being  able  to  make  resistance  tests.  If,  instead  of 
an  earth  plate,  an  insulated  balancing  capacity  is  employed,  it  may 
take  the  form  of  a  number  of  wires  radiating  from  the  mast,  and  it 
is  best  to  stretch  these  at  a  height  of  about  8  feet  from  the  ground, 
so  as  to  be  able  to  walk  underneath  them.  These  wires  may  con- 
veniently radiate  out  from  the  mast  to  short  poles  about  8  feet  high, 
arranged  at  a  distance  in  a  circle  round  it,  and  their  outer  ends 
are  strained  on  to  ebonite  insulators. 

In  some  position  near  the  mast  a  signalling  house  is  erected,  the 
size  of  which  will  depend  upon  the  character  of  the  work  being  done, 
and  a  residence  for  the  operators  will  generally  be  erected  in  contiguity 
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or  not  far  from  it.  If  the  station  is  on  the  spark  system,  means  must 
be  provided  for  generating  electric  current  for  working  either  induc- 
tion coils  or  transformers.  If  induction  coils  are  used,  then  it  will  be 
convenient  to  have  a  small  oil-engine  and  dynamo  by  means  of  which 
secondary  batteries  can  be  charged,  these  batteries  being  employed  to 
operate  the  induction  coil.  On  the  other  hand,  even  in  quite  small 
coast  stations  it  is  becoming  customary  to  employ  alternating  current 
transformers.  In  this  case  an  oil-engine  must  be  put  down,  say,  of 
8  or  10  H.P.,  coupled  direct  to  or  driving  by  a  pulley  a  small  alternator, 
and  also  a  direct  current  machine  for  charging  cells  and  providing  the 
exciting  current  for  the  alternator.  This  plant  is  conveniently  kept 
in  one  room  by  itself  under  the  charge  of  an  engineer.  The  alternator 
should  generate  current  at  a  pressure  of  one  or  two  hundred  volts  with 
a  frequency  of  not  less  than  100  and  preferably  600  or  600.  For  the 
sake  of  security  it  is  better  to  excite  the  alternator  by  means  of 
current  from  storage  cells  which  are  regularly  charged  by  a  con- 
tinuous current  dynamo.  In  this  way  the  oil-engine*  may  be  em- 
ployed to  drive  the  direct  current  machine  and  charge  the  cells  at 
times  when  it  is  not  necessary  to  send  messages.  The  cells  then 
provide  the  current  for  exciting  the  alternator  at  any  time  when  it  is 
desired  to  signal.  The  current  from  the  alternator  is  led  through 
well-insulated  leads  into  an  adjacent  room  in  which  are  ple^^ed  the 
transformers,  condensers,  spark  gap,  and  oscillation  transformers, 
and  to  which  room  the  aerial  wire  is  also  led.  In  small  coast 
stations  the  condensers  are  preferably  made  with  metal-coated  glass 
plates  placed  in  oil,  as  described  in  Chap.  I.  §  11.  In  many  stations 
a  type  of  tubular  condenser  is  employed  consisting  of  a  large  glass 
tube  closed  at  one  end  and  coated  with  silver  inside  and  out  to 
within  a  foot  of  the  top,  the  glass  being  thicker  between  the  silver 
edges  than  lower  down,  for  the  B£ike  of  giving  greater  security  from 
puncture.  If  alternating  current  transformers  are  employed  they 
must  be  oil  insulated  transformers,  raising  the  voltage  from  150  to 
20,000  or  30,000  volts,  and  if  higher  voltages  are  required,  it  is  more 
convenient  to  join  the  primaries  in  parallel  and  the  secondaries  in 
series  to  give  the,  required  voltage.  The  spark  gap  should  be  an 
enclosed  spark  gap  in  a  silencing  chamber.  A  third  room  contains  a 
receiving  apparatus  and  the  signalling  key.  It  is  convenient  to  have 
the  switchboard  in  this  room  so  that  the  operator  when  sending  sees 
at  once  the  voltage  of  his  alternator  and  transformer  and  exciting 
current  and  speed  of  machine  or  frequency  of  alternator,  and  also 
can  adjust  these  currents  and  voltages  by  means  of  appropriate 
rheostats  and  switches.  He  must  also  have  a  switch  within  reach 
by  which  he  controls  both  the  speed  and  voltage  of  the  alternator 
and  starts  or  stops  its  current.  In  stations  on  the  arc  system 
for  producing  undamped  waves,  in  place  of  an  alternator,  a  direct 
current  dynamo  is  required  giving  a  voltage  of  about  500  volts.  In 
this  case  the  arc  apparatus,  condenser,  and  oscillation  transformer 
will  generally  be  placed  in  the  same  room  VTith  the  receiving  apparatus, 
so  as  to  be  under  the  control  of  one  operator.  If  the  coast  station  is 
in  communication  with  the  General  Post  Office  telegraph  wires,  then 
the  ordinary  telegraphic  sending  and  receiving  apparatus  for  telegraphy 
with  wires  will  also  be  placed  in  the  receiving  room. 
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As  a  good  illustratioQ  of  a  ebort  distance  station  on  the  latest 
model,  we  may  give  tbe  following  details  of  the  station  erected  by 
the  British  General  Post  Office  at  Bolt  Head  in  South  Devon, 
England,  for  communication  with  ships  in  the  Channel,  opened 
for  commmiication  by  tbe  Postmaster- General  at  the  end  of  1908. 
The  following  account  is  taken,  by  kind  permission  of  the  proprietors, 
from  an  article  in  the  Electrical  ReBtew  for  January  8,  1909,  to  whom 
we  are  also  indebted  for  tbe  use  of  the  illustrations. 

This  station,  although  tbe  seventh  radiotelegraph  station  belong- 
ing to  the  British  Post  Office,  was  the  first  one  to  be  opened  to  the 
Eiblio  for  communication  with  ships  at  sea.  It  is  sitoated  in  South 
evoD,  about  5  miles  south  of  Kingsbridge,  and  is  some  400  feet  above 
sea-level.  Its  normal  range  of  communication  is  250  miles,  but  good 
oommnnication  is  obtained  with  Schevemngen,  in  Holland,  some 
350  miles  distant. 

The  construction  aod  equipment  of  the  station  was  carried  out 


PiQ.  a— Bolt  Head  Post  Office  Badiobelegnpbia  Station. 

according  to  the  specifications  of  the  engineer-in -chief  to  the  Post 
Office  (Major  O'Meara,  C.M.G.),who  placed  contracts  with  Marconi's 
Wireless  Telegraph  Co.  and  the  Westminster  Engineering  Co.,  tbe 
former  for  the  supply  of  mast,  aerial,  etc.,  and  the  radiotelegrapbic 
apparatus,  while  the  latter  suppUed  the  power  plant,  which  includes 
an  oil-engine,  dynamo,  secondary  battery,  switchboard,  and  the 
lighting  of  the  building. 

The  work,  which  included  the  erection  of  a  single-storied  brick 
building  (see  Pig,  2)  to  accommodate  the  power  plant  and  the  tele- 
graphic apparatus,  was  commenced  on  July  15, 1908.  It  was  opened 
for  work  by  the  Postmaster- General  on  December  11,  1908. 

Moat  Aerial,  efc.— Tbe  mast  is  built  of  Oregon  pine,  and  is  in 
throe  sections :  the  lower  mast  being  73  feet  in  length,  the  topmast 
66  teet,  and  the  top-gallant  mast  54  feet,  which,  with  the  reduction 
for  the  overlap  of  the  housing  portions,  provides  a  total  height  of 
161  feet. 
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There  are  three  sete  of  four  flexible  galvaDized  iron  wire  rope 
stays,  each  stay  being  divided  into  eections  by  porcelain  inBolatora. 
The  lower  etaye  are  3  inches  in  circumference,  are  divided  into  two 
sections,  and  are  insulated  at  three  points  ;  the  intermediate  stays 
are  2^  inches  in  circumference,  are  divided  into  three  sections,  and 
are  insulated  at  four  points  ;  the  upper  set  of  stays  are  2  inches  in 
circumference,  are  divided  into  four  sections  and  are  insulated  at  five 
points.  The  separating  insulators,  which  are  shown  in  our  view,  are 
arranged  to  be  in  compression,  so  that  if,  for  any  reason,  one  of  them 
should  break,  the  stay  would  not  part.  Means  are  provided  for 
regulating  the  tension  in  each  stay. 

Fonr  short  poles  about  30  feet  in  height  are  set  some  150  feet 
distant  from,  and  form  tbe  comers  of,  a  rectangle  aroand  the  mast, 
for  the  purpose  of  anchoring  the  aerial  wires. 

The  aerial  consists  of  two  stranded  phosphor-bronze  conductors 


FiQ.  3.— Eogine  in  Bolt  Head  Station. 

connected  together  at  the  operating  room,  but  carried  upward 
separately,  one  on  each  side  of  the  maet.  At  the  top,  where  they 
are  attached  to  ebonite  rod  insulators,  both  conductors  are  bifurcated 
and  all  four  portions  are  then  extended  radially  in  a  downward  direc- 
tion to  within  50  feet  of  the  four  30-feet  poles  already  mentioned,  to 
which  they  are  attached  by  ebonite  rod  insulators  and  rope  stays. 

Tbe  "earth"  connection  is  made  by  means  of  52  copper  leads, 
joined  to  26  galvanized  iron  plates,  5  feet  by  2^  feet  in  area,  con- 
nected together  and  placed  vertically  in  the  ground,  and  forming  a 
portion  of  a  cirele  around  the  operating  room. 

For  protection  against  damage  by  lightning,  a  sliding  ebonite  rod 
passing  tlirougb  the  wall  of  the  insti-ument  room  enables  tbe  operator 
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to  directly  earth  the  aerial  outaide  the  building  by  bringing  the  wires 
against  a  brass  ring  connected  to  the  earth  plate. 

The  Power  Plant.—K  Campbell  oil-engine  (Fig.  3)  capable  of 
developing  a  m&simum  of  10  B.Q.P.  when  running  at  a  speed  of 
265  B.P.M.,  is  utilized  to  drive  through  a  belt  and  friction  clatch  a 
3-K.W.  direct- current  dynamo,  coupled  direct  to  an  alternator.  The 
clutch  IB  required  in  order  to  avoid  the  removal  of  the  belt  when  the 
engine  is  not  in  use,  and  the  dynamo  is  being  run  as  a  motor  from 
the  secondary  cells ;  it  also  provides  an  easy  means  of  starting  the 
engine. 

The  D.G.  dynamo  (Rg.  4)  provides  current  for  charging  the  fifty- 
two  secondary  cells,  for  exciting  the  field  of  the  alternator,  and  for 
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lighting  the  building.  It  is  also  run  as  a  motor  from  the  secondary 
cells  to  drive  the  alternator  when  the  engine  is  not  In  use. 

The  alternator  furnishes  3  K.  W.  at  100  volts,  at  a  frequency  of  50. 

The  various  connections  are  taken  to  a  switchboard  placed  in  the 
instrument  room  within  easy  reach  of  the  operator,  so  that  he  can 
manipulate  the  different  switches  practicaUy  without  leaving  hie  seat 
at  the  operating  table.  A  full  diagram  of  the  connections  of  the 
switchboard  is  shown  in  Fig.  5. 

Ths  Eadiotelegraphif.  Ap/iaratus. — The  switchboard  connections  of 
the  radiotelegraph ic  apparatus  are  indicated  in  Fig.  5,  and  the  scheme 
of  circuit  connections  ia  shown  in  Fig.  6.  The  alternating  current 
controlled  by  means  of  a  Morse  key,  is  passed  through  a  3-K.W. 
transformer,  placed  in  oil.  In  circuit  with,  and  forming  a  shnnt  to 
the  contacts  of  the  Morse  key,  are  four  "  magnetic  keys  "  joined  in 
parallel,  which  open  when  the  alternating  current  is  passing  through 
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its  zero  value,  thereby  prerentiDg  any  injurioas  sparking  at  the  key 
contacts,  and  ensuring  a  rapid  break  in  the  current. 

A  means  of  regulating  the  power  used  is  provided  by  an  iron 
cored  adjustable  inductance  A, 

The  secondary  of  the  transformer  is  connected  through  iron-core 
choke  coils  B,  and  air-core  choke  ooUs  C,  to  the  battery  of  oondensers 


Fio.  e.—SwitcbbooTd  ConneotioDB  in  Bolt  Head  StatloD. 

D.  These  condensers  are  made  up  of  thin  iron  plates  separated  by 
sheets  of  glass  and  immersed  in  oU.  One  side  of  each  of  the  oon- 
densers  is  connected  to  the  spark  gap  E,  which  is  enclosed  in  a 
wooden  bos,  while  the  other  sides  of  the  condensers  are  connected 
together  and  through  the  inductance  F  and  primary  G  of  the  oscil- 
lation transformer  to  the  other  side  of  the  spark  gap. 
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The  seooadsry  H  of  the  oscillation  transformer  is  connected  on 
one  side  to  the  aerial,  and  on  the  other  to  the  earth  plates  through 
a  small  sp&rk  gap.  This  small  gap  is  tor  the  purpose  of  insulating 
the  aerial  in  regard  to  received  signals,  whilst,  as  regards  transmis- 
sion, the  spark  makes  the  gap  praotioally  a  direct  earth  connection. 

Means  are  provided  for  varying  the  position  of  the  secondary  coil 
of  the  oscillation  transformer  in  relation  to  the  primary  coil,  in  order 
to  vary  the  strength   of  coupling  and  tberehy  to  ohtaia   sharper 


The  wave  length  of  the  transmitted  signals  is  600  metres,  but  as 
it  may  be  necessary  to  signal  with  a  wave  length  of  300  metres,  a 
second  set  of  condensers  J,  spark  gap  E,  tuning  inductance  L,  and 
oscillation  transformer  M  is  provided.     Both  transformers  ore  fitted 
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with  plug  connections,  so  that  the  "  aerial "  and  "  earth  "  leads  may 
be  readily  transferred  from  one  to  tbe  other. 

With  the  shorter  wave  length,  the  oscillations  from  the  600-metre 
transformer  charge  the  second  set  of  condensers,  which  discharge 
through  the  second  spark  ga.p  and  the  second  oscillation  transformer, 
to  which  tbe  "  aerial "  and  "  earth  "  would  in  this  case  be  connected. 

The  receiving  apparatus  is  permanently  connected  to  the  trans- 
former side  of  the  small  gap,  which,  as  already  stated,  gives  perfect 
insulation  for  reception  purposes,  and  yet  is  practically  a  direct  earth 
connection  when  sparks  are  passing.  This  arrangement  would,  how- 
ever, give  a  loud  click  in  the  telephone  whenever  a  spark  passed, 
hence  the  Morse  key  is  fitted  with  two  small  contacts  normally 
separated,  hut  which  make  connection  and  thereby  short-circuit  the 
telephone  as  tbe  key  is  being  depressed,  and  separate  again  after  tbe 
sparking  has  ceased.  Immediately  these  contacts  open,  any  incom- 
ing .signals  pass  through  the  receiving  apparatus  and  actuate  the 
telephone.  Hence  it  is  possible  for  tbe  operator  to  be  stopped  in 
the  middle  of  transmission  if  it  should  be  necessary. 
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Eeceived  signals  pass  down  the  aerial  through  the  secondary  ot 
whichever  oscillation  transformer  is  in  use,-  to  **  earth  "  vid  one  or 
other  of  the  two  multiple  tuners,  N  or  O,  which  are  a  series  of  adjust- 
able inductances  and  capacities  arranged  for  wave  lengths  of  100  to 
2000  metres  in  one  case,  and  for  2000  to  6000  metres  in  the  other. 

Each  tuner  is  provided  with  a  switch,  which  connects  the  leads  of 
the  magnetic  detector  P  to  the  "  stand-by  "  or  "  tuning  "  positions.  In 
the  former  position  the  coil  of  the  detector  is  directly  in  circuit  ivith 
the  aerial  tuning  inductance,  and  in  the  latter  position  there  is  a 
double  transformation  between  the  aerial  and  the  detector.  The 
coupling  of  this  double  transformation  can  be  varied  by  turning  a 
handle  at  the  side  of  the  instrument.  By  this  means  it  is  possible  to 
cut  out  to  some  extent  the  signals  of  another  station  which  may  be 
causing  interference. 

The  magnetic  detector  is  the  well-known  Marconi  type  of  instru- 
ment, and  is  connected  to  a  switch,  which  joins  it  to  either  tuner  as 
desired.  The  headgear  telephone  receiver  is  connected  to  the  detector 
in  the  usual  way,  and  is  also  connected  to  the  two  additional  contacts 
on  the  Morse  key. 

The  coherer  and  Morse  receiving  apparatus  are  not  used,  as  the 
station  is  always  open  and  an  operator  is  listening  continuously  when 
not  transmitting. 

The  building  (Fig.  2)  is  55  feet  long,  13  feet  broad,  and  14  feet 
high,  and  is  divided  into  five  rooms,  as  follows  : — 

Instrument-room,  11  ft.  x  7^  ft. 
High-tension-room,  13  ft.  X  6)  ft. 
Battery-room,  13  ft.  x  6J  ft. 
Engine-room,  24  ft.  x  12  ft. 
Ante-room,  11  ft.  x  5  ft. 

Messages  are  passed  direct  to  Exeter  by  an  overland  telegraph 
wire. 

The  photographs  from  which  these  illustrations  were  prepared 
were  taken  by  Mr.  Coxon  (of  Major  O'Meara's  staflF),  who  supervised 
the  installation  of  the  power  plant  at  the  station. 

According  to  a  statement  made  by  the  Postmaster-General  (Mr. 
Sidney  Buxton)  in  opening  the  Bolt  Head  Station,  the  cost  of  it 
amounted  to  £2000,  and  this  may  therefore  be  taken  as  an  illustration 
of  the  capital  outlay  necessary  to  establish  such  a  Coast  Station 
capable  of  communicating  300  or  400  miles. 

Since  1910,  when  the  General  Post  Office  took  over  the  coast 
stations  established  in  Great  Britain  by  the  Marconi  Company,  a 
good  deal  of  work  has  been  done  by  the  G.P.O.  in  enlarging  and 
bringing  them  up  to  date  or  replacing  them  by  others.  The  simple 
induction  coils  used  in  these  stations  as  originally  established  have 
been  replaced  by  larger  power  plant  so  as  to  supply  from  3  to  6  H.P., 
and  new  masts  and  *modem  receiving  sets  put  in.  As  an  illustration 
of  a  recent  coast  station  plant,  we  may  describe  briefly  the  new 
G.P.O.  stations  at  Fishguard  and  at  St.  Just,  Cornwall,  which  have 
replaced  the  old  Marconi  stations  at  Bosslare  and  at  the  Lizard,  and 
similar  plants  are,  or  will  be,  installed  at  North  Foreland,  Niton, 
Malin  Head,  and  Valencia  for  public  communication  with  ships. 

At  these  stations  a  motor-driven  alternator  is  installed  of  3  to 
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9-K.W.  size,  having  a  voltage  which  can  be  regulated  from  200  to 
400  volts,  and  this  supplies  current  to  an  iron  core  step-up  trans- 
former, which  raises  the  voltage  to  20,000  or  so.  The  transformer 
is  supplied  through  a  variable  choker  or  resistance,  and  has  a  key  in 
its  primary  circuit  for  signalling.  On  the  shaft  of  the  alternator  is 
fixed  a  Marconi  studded  disc  discharger,  having,  say,  12  studs  or 
arms  (see  Hg.  70,  Chapter  YII.).  If,  then,  the  alternator  makes 
2000  revolutions  per  minute,  this  discharger  produces  400  dis- 
charges per  second.  The  discharger  is  in  series  with  a  condenser 
consisting  of  metal  plates  suspended  in  oil,  with  or  without  glass 
plates  between  the  metal  ones.  The  cpndenser  is  also  in  series  with 
the  primary  coil  of  the  jigger,  and  the  secondary  coil  is  in  series 
with  the  antenna.  The  capacity  and  inductance  of  these  circuits  is 
arranged  so  that  by  means  of  changing  plugs  or  switches  the  wave 
length  radiated  can  be  made  either  300  metres  or  600  metres  at 
pleasure.  The  antenna  at  Fishguard  is  supported  by  a  three-part 
wooden  mast  150  feet  high,  and  sustains  a  4-wire  fan  aerial. 

The  receiving  arrangements  are  as  usual  for  telephonic  reception, 
and  circuits  are  so  arranged  that  either  a  crystal  detector  or  a  mag- 
netic detector  can  be  used  as  desired. 

The  soil  around  the  antenna  is  very  rocky  at  Fishguard,  and 
hence  an  extensive  earth  plate  was  put  in.  It  consists  of  24  plates 
of  galvanized  iron,  each  5  feet  by  2jr  feet,  bolted  together  and 
arranged  to  form  two  semicircles  of  20  feet  radius.  Stout  copper 
wires  are  connected  to  the  plates,  three  to  each  plate,  and  these 
converge  to  a  central  earth  terminal,  and  the  earth  wire  is  led  into 
the  station  through  an  arrester  gap.  The  station  and  mast  are 
erected  at  the  top  of  the  clififs  near  the  harbour  village,  and  the 
necessary  power  to  drive  the  motor  connected  to  the  alternator  is 
obtained  from  the  Great  Western  Railway  Company's  generating 
station  at  the  harbour.  This  station  has  a  range  of  250  miles  by 
day  and  three  or  four  times  greater  by  night. 

In  cases  where  the  station  is  not  within  reach  of  a  supply  of 
electric  current  from  outside,  a  completely  self-contained  plant  has 
to  be  put  in.  The  arrangements  at  the  new  G.P.O.  station  at 
St.  Just  are  then  followed.  In  this  case  the  mast  is  a  steel  lattice 
mast  in  three  parts,  200  feet  high,  and  at  St.  Just  two  such  masts 
are  erected-  (see  Fig.  7).  The  sections  of  the  mast  telescope  into 
each  other,  and  the  mast  is  stayed  by  2^-inch  steel  ropes  anchored 
in  reinforced  concrete  blocks.  One  mast  carries  a  600-feet  wave  and 
the  other  a  300-feet  wave  antenna.  These  antennae  are  made  of 
copper  stranded  wire  7/19  in  size,  and  are  in  the  form  of  cages. 
The  earth  system  consists  of  10  galvanized  iron  plates,  6  feet  by 
3  feet,  arranged  in  two  segments  of  a  circle  of  80  feet  radius.  The 
plates  are  buried  vertically,  and  each  connected  to  a  copper  wire 
which  runs  to  the  common  terminal. 

In  the  St.  Just  station  the  prime  motors  are  two  high-speed 
10  H.P.  oil  engines  with  speed  of  800  R.P.M.  In  each  engine  the 
carburettor  is  a  single  jet  automatic  with  exhaust-heated  vaporizer. 
It  is  arranged  to  start  up  with  petrol,  and  then  to  change  over  to 
paraffin  when  warm.  High  tension  magneto  ignition  is  employed. 
Each  engine  drives  a  5-K.W.  D.C.  dynamo,  giving  100  to  140  volts 


BADIOTELEQBAPHIO  STATIONS 


[Buftmiiabm  iff  ttt  WirtUa  Frta,  LI 
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—Motor  Alteroator  Plant  in  St.  Just  Wicelegg  Stkllou,  fitted  with 
Marconi  Rotating  Discharger  on  Alternator  Shaft. 
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at  a  speed  of  700  revolutions  per  minute.  This  charges  a  battery  of 
52  cells,  having  378  ampere-hours  capacity  at  the  9-hour  rate  of 
discharge.  The  battery  supplies  power  to  the  motor,  driving  an 
alternator  of  5-K.W.  size,  carrying  on  its  shaft  a  studded  disc 
discharger.    A  view  of  this  motor  alternator  plant  is  shown  in  Fig.  8. 

The  receiving  arrangements  comprise  a  multiple  Marconi  tuner 
and  crystal  and  magnetic  detector,  with  telephonic  reception.  The 
receiving  room  is  some  little  way  from  the  motor  alternator  and 
dynamo  room,  so  as  to  preserve  silence. 

The  signalling  is  carried  out  by  an  electromagnetic  key  worked 
from  the  receiving  room,  which  interrupts  the  current  on  the  primary 
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or  low-tension  side  of  the  alternating  current  step-up  transformer. 
All  the  other  arrangements  of  the  transmitter  are  as  described  for  the 
Fishguard  station. 

The  reason  for  employing  storage  batteries  to  run  the  motor 
alternator  is  that  without  this  arrangement  the  alternator  could  not 
be  driven  at  a  sufficiently  uniform  speed  to  give  a  musical  spark. 
The  spark  frequency  employed  is  from  300  to  600  in  these  stations. 

As  an  example  of  a  coast  station  combining  in  one  the  spark  and 
the  arc  methods,  we  may  take  that  at  Cullercoats,  on  the  North- 
umberland coast,  about  eight  miles  from  Newcastle,  England, 
originally  erected  by  the  Amalgamated  Radiotelegraphic  Company. 
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The  station  itself  is  situated  on  a  promontory  running  out  to  sea.  It 
comprises  a  small  four-roomed,  one-storied  building,  and  a  large 
umbrella  antenna  supported  by  a  single  wooden  lattice  tower  (see 
Fig.  9).  The  mast  is  built  up  of  baulks  of  timber  6  inches  square, 
jointed  in  lengths.  It  is  220  feet  high  and  2  feet  square  at  the  base, 
and  supported  in  a  foundation  of  concrete  and  stayed  by  wire  ropes 
cut  up  into  lengths  by  insulators  of  creosoted  wood.  The  antenna  is 
constructed  of  bronze  wires  which  extend  from  the  top  of  the  mast  and 
spread  over  a  circle  of  220  feet  in  diameter.  It  is  made  in  two  parts, 
each  consisting  of  twelve  vnres,  and  stretched  out  into  a  wide  semi- 
circle by  guy  ropes  attached  to  anchors  fastened  to  various  rocks. 
The  twenty-four  wires  of  the  complete  antenna  are  connected  at  their 
lower  ends  to  one  v^ire  which  encircles  the  mast  at  a  height  of  about  100 
feet.  The  upper  ends  of  the  two  halves  are  connected  to  two  cables 
which  come  down  into  the  station  building.  It  will  thus  be  seen 
that  if  the  two  cables  are  not  connected  together,  the  wires  form  a 
loop  antenna,  but  if  they  are  connected  together  they  form  a  single 
antenna.  The  earth  plate  at  the  station  consists  of  a  large  number 
of  wires  buried  about  two  feet  in  the  ground  radiating  in  all  directions 
from  a  point  near  the  foot  of  the  mast.  The  station  contains  both 
spark  and  arc  apparatus.  In  the  case  of  the  spark  apparatus  the 
power  is  supplied  by  an  8-H.P.  motor  driven  directly  from  the  town 
electric  supply,  and  is  coupled  to  a  5-K.W.  alternator  supplying  14 
amperes  at  400  volts,  and  at  a  frequency  of  120.  This  alternating 
current  is  raised  by  a  high  tension  transformer  of  50,000  volts.  The 
sending  operator  can  start  and  stop  the  alternator  by  a  switch  from 
the  operating  table.  The  primary  current  of  the  transformer  passes 
through  a  sending  key  to  interrupt  it  in  accordance  with  the  signals 
of  the  Morse  alphabet.  The  high  tension  alternating  current  is  led  to 
a  third  room  in  which  there  is  a  large  battery  of  Leyden  jars  and  an 
associated  inductance  and  spark  gap,  forming  the  oscillatory  circuit. 
This  inductance  is  directly  connected  to  the  antenna  through  a  large 
switch,  which  changes  over  the  antenna  from  the  transmitting  to  the 
receiving  system  when  receiving.  There  are  the  usual  tuning  coils 
inserted  in  the  circuit  of  the  antenna.  The  reception  is  conducted  by 
means  of  the  usual  crystal  or  else  magnetic  detector  associated  with 
a  timer.  With  this  apparatus  communication  is  carried  on  for  about 
400  miles  between  CuUercoats  and  Christiania. 

The  station  also  contains  a  Poulsen  arc  apparatus.  The  arc 
generator  consists  of  a  metal  box  with  marble  ends,  shown  at  the 
left-hand  bottom  corner  of  Fig.  10.  This  box  contains  the  copper 
and  carbon  electrodes,  the  cooling  of  the  copper  anode  and  the  arc 
box  being  effected  by.  radiating  flanges  exposed  to  the  air  and  not  by 
water  circulation  (see  Fig.  11).  The  striking  of  the  arc  is  accom- 
plished by  lifting  the  copper  electrode  momentarily  by  a  lever  and 
then  allowing  it  to  fall  to  an  adjusted  distance.  The  box  is  kept  full 
of  hydrogen  supplied  from  a  gas  cylinder  or  from  a  calcium  hydride 
generator,  by  which  hydrogen  is  generated  by  dropping  calcium 
hydride  into  water.  About  two  pounds  of  hydride  provide  enough 
hydrogen  for  60  hours*  continuous  work.  In  some  cases  coal  gas 
is  used  instead  of  hydrogen. 

The    carbon    cathode    is    rotated    by    clockwork.      The    usual 
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telegraphic  work  is  carried  on  with  a  single  copper-carbon  arc  haying 
a  fine  adjustment  for  arc  length,  the  arc  being  formed  in  a  strong 
magnetic  field  perpendicular  to  it.  The  windings  of  the  electro- 
magnet are  in  series  with  the  arc  as  well  as  with  a  variable  resistance, 
and  the  arc  is  formed  by  a  continuous  current  of  10  or  12  amperes 
generated  at  480  volts.  The  oscillation  circuit  is  arranged  as  a  shunt 
to  the  arc  with  a  direct  connection  to  the  antenna.  This  circuit 
comprises  an  inductance  coil  of  many  turns,  and  a  condenser 
formed  of  zinc  plates  immersed  in  oil.  The  plates  are  separated  by 
a  distance  of  3  mm.,  and  the  capacity  is  arranged  in  two  sections, 
so  that,  although  a  point  on  the  inductance  coil  is  put  to  earth,  the 
terminals  of  the  arc  remain  insulated.  A  variable  condenser*  is  con- 
nected in  parallel  with  the  fixed  condenser  to  enable  changes  to  be 
made  in  the  emitted  wave  length,  which  is  usually  between  1200  and 
1500  metres.  A  hot-wire  ammeter  is  inserted  in  the  earth  connection 
to  show  the  current  passing  into  the  antenna. 

The  signalling  is  effected  by  short-circuiting  a  few  turns  of  the 
inductance  coil,  and  therefore  altering  the  wave  length  of  the  emitted 

waves.  The  frequency  em- 
ployed is  about  200,000, 
and  the  current  into  the 
antenna  about  10  amperes. 
The  receiving  apparatus 
used  with  these  Tmdamped 
waves  consists  of  an  oscil- 
lation transformer  of  which 
the  two  circuits  are  very 
loosely  coupled,  the  pri- 
mary being  joined  to  the 
terminals  of  a  condenser 
inserted  in  the  antenna 
[Fntm  **  TU  EUctrician."  circuit,  and  the  secondary 
Fio.  12.  connected  to  another  large 

condenser,  and  also  inter- 
mittently to  a  telephone  shunted  by  a  third  condenser  (see  Fig. 
12). 

The  connection  between  the  telephone  and  the  condenser  circuit 
is  made  by  means  of  a  tikker^  or  vibrating  electromagnetic-worked 
contact,  already  described  in  the  last  chapter,  which  opens  and  closes 
the  telephone  circuit.  When  the  circuit  is  closed,  energy  accumulates 
in  the  large  condenser^  and  on  the  opening  of  the  contact  again  this 
condenser  discharges  through  the  telephone.  In  the  early  form  the 
contact  points  of  the  tikker  were  made  of  crossed  gold  vrires,  and 
the  vibrating  mechanism  enclosed  in  a  small  sound-proof  box.  The 
modern  form  of  rotating  tikker  has  already  been  described  in  §  21  of 
Chapter  VII.  The  observer,  therefore,  hears  as  sounds  of  longer  or 
shorter  duration  in  the  telephone  the  more  or  less  prolonged  short- 
circuiting  by  the  sending  key  of  part  of  the  inductance  in  the  trans- 
mitting circuit.  Owing  to  the  loose  coupling,  the  tuning  is  very 
sharp,  and  it  is  easy  to  perceive  in  this  receiver  the  effect  of  altering 
about  one-half  per  cent,  in  the  capacity  of  the  sending  circuit. 

The  advantages  claimed  for  the  arc  method  of  signalling  are  first 
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its  silence,  and,  secondly,  the  entire  absence  of  sparking  at  the  sending 
key,  also  the  greater  compactness  of  the  apparatus  and  the  lower 
voltages  dealt  with.  For  example,  the  maximum  potentials  which 
occur  at  the  top  of  the  antenna  when  the  undamped  waves  are  being 
used  are  probably  not  greater  than  2000  or  3000  volts,  and  the  insula- 
tion required  in  the  apparatus  itself  is  only  for  voltages  of  the  order 
of  1000  volts.  It  is  also  affirmed  that  atmospheric  disturbances  are 
much  less  felt  when  using  the  undamped  wave  apparatus  than  when 
using  the  damped  waves.  Furthermore,  it  is  claimed  that  compara- 
tive tests  of  the  arc  and  spark  methods,  carried  out  over  ranges  of 
about  900  miles,  have  shown  that  the  undamped  waves  are  less 
obstructed  by  mountainous  country  than  are  the  damped  waves  of  a 
spark  transmitter  of  the  same  wave  length  when  using  about  the 
same  sending  power.  These  contentions  have  not,  however,  been 
supported  by  unquestionable  evidence. 

3.  Ship  Radiotelegraphic  Stations. — In  ship  installations, 
owing  to  the  confined  space,  the  wireless  plant  has  to  be  very  compact 
and  also  designed  with  the  object  of  being  thoroughly  reliable  in  all 
cases.  A  cabin  is  therefore  set  apart  for  this  work  on  deck  and  near 
the  bridge.  The  aerials  are  generally  of  cage  form  and  slung  between 
fore  and  main  mast  with  wires  brought  down  to  the  cabin  so  as  to 
form  a  T-aerial  (see  Fig.  13).  On  battleships  or  for  long-distance 
transmission  the  aerial  is  a  six- wire  cage  and  is  often  brought  down 
some  way  fore  and  aft.  The  leading-down  wires  enter  the  wireless 
cabin  through  tubular  ebonite  insulators  well  protected  from  spray  by 
metal  hoods,  and  the  aerial  wires  are  sustained  on  the  masts  by 
capped  ebonite  insulators  with  ebonite  flanges  made  as  described  in 
Chapter  YII.  The  metal  sheathing  of  the  ship's  hull  forms  the 
**  earth."  The  aerial  wires  are  generally  of  phosphor-bronze  in  the 
form  of  standard  7/20  or  7/22  cables,  and  when  multiple  wire  cages 
are  employed  the  wires  are  kept  apart  by  strips  of  well  varnished 
wood. 

The  aerial  wires  must  be  kept  from  contact  with  the  rigging.  The 
same  aerial  is  used  for  sending  and  receiving,  being  normally  always 
connected  to  the  receiver. 

As  a  general  rule  the  transfer  of  the  aerial  from  the  sending  to  the 
receiving  apparatus  is  perfectly  automatic  and  managed  as  follows. 
The  sending  key  has  a  back  contact,  and  when  it  rests  on  the  back 
contact  the  circuit  of  the  receiving  apparatus  is  closed.  Also  in  cir- 
cuit of  the  aerial  wire  there  is  a  pair  of  spark  points  separated  by  a 
small  air  gap.  The  receiving  circuit  terminals  are  connected  on  either 
side  of  this  gap.  Hence  when  the  sending  key  is  not  depressed  the 
apparatus  is  in  a  condition  to  receive  messages.  If,  however,  the 
sending  key  is  depressed  the  first  thing  is  that  the  circuit  of  the  re- 
ceiver is  opened.  Then  the  E.M.F.  in  the  sending  transformer 
causes  a  spark  to  jump  across  the  above-mentioned  gap  and  puts  the 
antenna  to  earth  for  sending,  so  that  the  mere  manipulation  of  the 
sending  key  cuts  out  the  receiver  and  sets  up  the  oscillations  in  the 
antenna. 

The  signalling  cabin  is  supplied  with  electric  current  from  the 
ship's  electric  lighting  circuit,  which  is  almost  always  on  the  direct- 
current  system. 
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For  small  dietances  and  small  ships  this  ourratiti  is  used  to 
charge  seta  of  storage  cells,  which  are  then  used  to  work  an  induotion 
coil  and  interrupter  and  Ihe  usual  form  of  spark  discbarget.  Id 
all  ships  a  battery -worked  iuduction  coil  is  iDstalled  as  an  emergency 
set,  so  that  in  case  of  collision  or  stoppage  of  the  machinery  in 
the  engine-room  the  operator  has  still  the  means  of  sending  wireless 


In  large  ships,  such  as  Atlantic  liners  and  in  battleships  and 
cruisers,  an  alternating  current  transformer  plant  is  employed  as  in 
the  modem  coast  stations. 

The  Marconi  Company  make  much  use  of  a  plant  called  a  1^ 
kilowatt  set,  made  ^s  follows.  It  comprises  a  4-pole  rotary  D.G.  to 
A.C.  converter;  that  is,  a  D.C.  dynamo  which  takes  continooas 


IB^pemittiai  dfUu  Winlta  Pnu,  Ud. 
Fia.  18. — The  S.5.  ChrUtopher  showing  the  form  of  Aerial  used  on  large  ships. 

current  from  the  ship's  lighting  circuits, and  converts  it  to  alternating 
current,  drawn  off  by  a  pair  of  brushes  pressing  on  slip  rings  on  the 
shaft.  The  speed  of  .the  machine  is  1500  R.P.M.  Hence  the 
frequency  of  the  alternating  current  is  50.  The  machine  may 
carry  on  its  shaft  a  Marconi  disc  discharger  which  discbarges  the 
oscillatory  circuit  at  exactly  equidistant  intervals  300  to  600  times 
per  second,  or  it  may  have  an  independent  spark  gap.  This  machine 
is  put  into  a  silencing  chamber  in  or  below  the  signalling  cabin 
(see  Fig.  14).  In  this  chamber  is  a  step-up  transformer  in  an  iron 
case,  and  on  the  primary  or  low  tension  side  of  this  transformer 
there  is  a  choking  coil,  and  also  an  electromagnetic  or  relay  key  for 
making  signals,  which  is  worked  by  a  Morse  key.  This  last  key 
doses  a  circuit  which  permits  the  passage  of  a  current  through  the 
coils  of  the  electromagnet  of  the  main  key,  and  this  causes  an 
armature  to  be  attracted  and  the  circuit  to  be  dosed  in  the  primary 
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of  the  transformer.  When  t)ie  Moree  key  is  raised  there  is  do 
Bpark  because  the  circuit  is  still  closed,  and  the  armature  of  the 
electromaguet  does  Dot  fly  up  and  open  the  circuit  until  the  current 


Fia.  14. — View  of  1}  K.W.  Marconi  Wireless  plant  as  uned  od  board  largo  shipit. 
The  dynamo  ia  saen  in  the  tilenoing  chamber  on  the  rigbt-hand  bottom 
comer  of  (ho  picture.  The  tmnstnttting  plant  ia  above  it  and  the  receiving 
apparatOB  on  the  table  to  (be  lelt. 

passes  through  its  zero  ralue.  The  arraDgement  of  this  relay 
key  will  be  understood  from  the  diagram  in  Fig.  82  of  Chap. 
VII. 

The  secondary  circuit  of  the  H.T.  transformer  is  connected  to 

3  u 
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a  condenser  through  a  variable  inductance  and  through  the  primary 
circuit  of  the  jigger. 

The  antenna  is  not  permanently  earthed,  but  there  is  at  the 
base  a  small  spark  gap,  as  already  explained  in  §  20  of  Chapter  VIJ., 
to  either  side  of  which  the  receiving  circuits  are  attached.  When  the 
transmitter  is  operated  a  small  spark  bridges  this  air  gap,  and 
effectually  earths  the  antenna. 

The  sending  jigger  is  contained  in  a  box,  and  the  two  circuits 
can  be  changed  in  position  so  as  to  vary  the  coupling. 

The  receiving  arrangements  are  as  described  in  §  20  of  Chapter 
VII.  for  telephonic  reception,  and  comprise  a  Marconi  multiple  circuit 
tuner  abd  the  Marconi  magnetic  detector,  or  a  rectifying  or  valve 
detector  is  used  with  high-resistance  double-head  telephones. 

The  appearance  of  the  transmitting  and  receiving  portions  of 
the  cabin  are  as  shown  on  the  right  and  left  side  of  Mg.  14. 

Since  the  reception  is  by  telephone  one  operator  must  always  be 
on  duty  to  be  prepared  to  pick  up  any  call  which  comes  along.  A 
useful  addition  is  therefore  some  appliance  for  ringing  up  the 
operator  if  he  happens  not  to  be  sitting  with  the  telephones  to  his 
ears,  to  warn  him  that  a  message  is  coming. 

The  antenna  current  when  rectified  is  too  feeble  to  operate  an 
ordinary  electromagnetic  relay,  but  a  suitable  call  has  been  devised 
as  follows : — 

A  high  resistance  movable  coil  galvanometer  with  balanced  coil 
and  index  needle  arranged  so  as  not  to  deflect  by  the  pitching  or 
rolling  of  the  ship  has  sufficient  mass  given  to  the  movable  part 
not  to  deflect  sensibly  unless  the  current  through  it  is  maintained 
for  at  least  a  second  or  two.  This  galvanometer  is  connected  in 
series  with  a  rectifying  contact  and  joined  across  the  condenser  of 
the  receiving  circuit.  The  needle  plays  between  two  stops,  and 
when  it  makes  contact  with  one  of  them,  it  is  made  to  close  a  local 
circuit  and  ring  a  bell.  When  the  ordinary  dot  and  dcuth  signals  are 
being  received,  the  time  during  which  the  rectified  current  acts  on 
the  heavy  galvanometer  needle  is  too  short  to  cause  much  deflection. 
If,  however,  8  or  10  long  dashes  are  sent  in  close  succession  the 
needle  is  deflected,  and  rings  the  call  bell.  The  operator  can  then 
attach  the  telephone  in  place  of  the  galvanometer  and  receive  the 
message. 

4.  High  Power  or  Long  Distance  Stations. — High  power 
stations  or  long  distance  radiotelegraphic  stations  do  not  diner  in 
essential  principle  from  those  on  a  smaller  scale,  such  as  ship  and 
coast  stations ;  but  they  differ  in  the  magnitude  and  details  of  the 
appliances  used.  Apparatus  which  in  a  certain  form  may  be  called 
physical  or  laboratory  apparatus  has  to  be  converted  into  engineering 
plant  suitable  for  continuous  work  under  all  conditions  of  weather 
and  time.  The  locality  of  a  long  distance  station  vrill  generally  be 
settled  by  the  work  to  be  done.  In  selecting  the  site  for  his  first 
transatlantic  stations,  Mr.  Marconi  was  naturally  desirous  of  shorten- 
ing the  distance  as  far  as  possible  between  two  stations  in  corre- 
spondence. Hence,  after  preliminary  experiments,  as  already 
described,  made  at  Poldhu,  in  Cornwall,  England,  and  Cape  Cod, 
Massachusetts,   U.S.A.,  sites  were  selected  on   the  west  coast  of 
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Ireland  at  Glifden,  in  Gonnemara,  and  another  at  Glace  Bay,  in 
Nova  Scotia.  One  consideration,  which  certainly  ought  to  have 
weight  in  selecting  the  site  for  a  large  power  station,  is  the  liability 
to  attack  in  case  of  war.  The  antenna  of  a  power  station  must  be 
carried  by  high  towers  200  to  600  feet  in  height,  and  these,  of  course, 
are  very  conspicuous  objects  for  a  considerable  distance  off  the  land. 
As  modem  naval  guns  will  send  shells  10  to  20  miles,  it  is  obvious 
that  an  enemy's  ship  might  attack  a  power  station  when  the  ship  is 
still  considerably  out  of  range  of  smaller  guns  on  the  coast.  Hence, 
sites  should  be  selected  for  long  distance  transoceanic  stations  which 
will  preserve  them  from  being  the  object  of  attack  in  case  of  war, 
when  they  might  be  of  enormous  use  in  communication  with  the 
national  navy.  A  second  important  consideration  is  the  nature  of  the 
ground  in  reference  to  the  possibility  of  erecting  the  high  masts  or 
towers,  and  also  the  possibility  of  easily  obtaining  water  and  coal 
for  steam  engines  and  boilers.  Hence,  such  a  station  should  not  be 
too  far  removed  from  railway  systems. 

The  next  step  is  the  erection  of  the  antenna  supports.  These 
are  generally  constructed  of  wood  or  steel  lattice  towers.  Wooden 
towers  may  be  constructed  by  bolting  together  a  number  of  planks 
which  break  joint  with  one  another,  and  are  cross-braced  by  similar 
diagonal  braces  (see  Fig.  15).  Such  towers  have  to  be  stayed  with 
steel  hawsers  broken  up  into  sections  by  insulators.  In  Paris  use 
has  been  made  of  the  Eiffel  Tower  for  supporting  the  antenna  of 
a  large  subterranean  station  near  the  base.  If  the  antenna  is  to  he 
of  the  umbrella  form,  a  single  tower  suffices.  If,  however,  it  is  to  be 
a  directive  antenna,  such  as  Marconi's,  then  at  least  two  towers  are 
required  to  support  the  vertical  portion,  and  a  number  of  masts 
placed  in  line  to  support  the  horizontal  portion.  As  the  erection 
of  masts  is  a  well-understood  matter,  it  is  unnecessary  to  give  any 
details  under  this  heading.  The  design  and  erection  of  a  tower, 
whether  in  wood  or  metal,  is  a  special  piece  of  constructive  work  for 
which  the  aid  of  the  civil  engineer  is  generally  necessary. 

In  some  cases  the  towers  are  rigidly  fixed  at  the  base  in  founda- 
tions. In  other  cases  the  single  lattice  tower  rests  upon  a  ball 
and  socket  at  the  lower  end,  so  that  the  tower  is  dependent  on  its 
rope  stays  for  support,  but  has  slight  liberty  to  rock.  The  metal 
lattice  tower  is  sometimes  insulated  from  the  earth,  but  more  gene- 
rally in  good  conductive  connection  with  it. 

The  Marconi  Gompany  have  used  of  late  years  steel  masts  built 
up  in  flanged  sections  made  of  half  cylinders  bolted  together.  Each 
section  is  built  up  round  a  wooden  mandrill,  which  is  then  raised 
up  a  stage,  and  serves  to  support  at  its  head  the  tackle  by  which 
the  next  pair  of  half  cylinders  are  hauled  up  and  bolted  round  it. 
The  mandrill  is  then  elevated  another  stage,  and  so  on  until  the 
steel  mast  is  complete.  Guys  and  stays  of  steel  wire  rope  are  used 
to  support  the  mast,  being  attached  at  various  heights  as  the  mast 
rises.  In  some  cases  these  masts  are  of  sufficient  diameter  to  admit 
of  a  ladder  inside. 

The  reader  will  find  some  valuable  information  on  the  design  and 
construction  of  guy-supported  towers  for  radiotelegraph  y  in  an 
article  by  Mr.  Roy.  A.  Weagant,  in  the  Proceediiuja  of  the  Institute 
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of  Radio  Engineers  for  June,  1915,  vol.  3,  p.  135.  Also  some  infor- 
mation on  wooden  lattice  masts  by  Mr.  Cyril  F.  Elwell,  in  the  same 
volume. 

There  are  two  types  of  antenna-supporting  structures,  viz.  (1) 
the  self-supported  tower  which,  like  the  Eiffel  Tower,  in  Paris, 
relies  on  its  own  structure  and  breadth  of  base  for  its  lateral  stiff- 
ness, and  (2)  the  guy-supported  mast  or  tower  which  is  held  up  by 
steel  ropes.  This  latter  may  be  of  steel  or  wood ;  and  if  of  steel 
it  may  be  insulated  from  the  earth,  or  it  may  be  set  in  a  concrete 
foundation.  The  insulated  guy-supported  strut  has  a  ball  and 
socket  joint  at  the  bottom,  and  rests  on  a  slab  of  ferroconcrete  or 
marble  which  is  insulated  from  the  earth. 

There  is  an  advantage  in  permitting  a  slight  swaying  of  the 
tower  with  tha  wind.  The  relative  advantages  of  wooden  versus 
steel  lattice  towers  has  been  much  discussed.  Wood  is  not  suitable 
in  some  climates,  and  in  any  case  the  material  must  be  very  carefully 
selected 

The  station  buildings  are,  of  course,  erected  in  close  contiguity 
to  the  base  of  the  masts  or  towers,  and  must  comprise  an  engine 
and  boiler  house,  if  steam  is  used,  or  engine  and  oil  store,  if  oil  is 
used ;  a  transformer  room ;  a  condenser  and  oscillation  transformer 
room,  containing  also  the  discharger  if  on  the  spark  system,  or  the 
arc  apparatus  if  on  the  arc  system ;  and,  of  course,  the  receiving 
and  opiBrating  room  from  which  the  messages  are  sent  and  received. 

As  regards  the  source  of  power,  it  is  always  desirable  to  employ 
steam  engines  if  possible,  as  the  turning  moment  of  the  alternator 
is  then  most  uniform.  The  objection  to  a  single  cylinder  oil  engine 
as  a  source  of  power  is  that  the  load  may  be  thrown  on  the  engine  by 
depressing  the  signalling  key  during  the  back  stroke  of  the  engine, 
or  between  explosions,  and  the  result  is  then  to  impress  a  retardation 
on  the  engine.  If  oil  is  used,  the  engine  ought  certainly  to  be  a  high- 
speed miiltiple  cylinder  engine,  securing  a  tolerable  uniformity  of 
turning  moment.  There  is  a  certain  advantage  in  the  use  of  slow- 
speed  steam  engines  with  large  fly-wheels,  owing  to  the  larger  reserve 
of  mechanical  power  stored  up. 

Where  large  supplies  of  water  are  available  and  a  steam  engine 
is  used,  it  will,  of  course,  be  worked  condensing.  As  the  work  is 
irregular,  it  is  advisable  to  employ  boilers  of  the  water  tube  or 
locomotive  type  in  which  steam  can  be  raised  quickly.  If  the  station 
is  on  the  spark  system  the  steam  engine  is  employed  to  drive  one 
or  more  alternators,  the  frequency  of  which  ought  not  to  be  below 
100  and  preferably  500  or  600,  unless  some  form  of  discharger  is 
employed  which  multiplies  spark  frequency.  The  alternator  should 
be  of  that  type  in  which  the  armature  is  the  fixed  portion  and  the 
rotating  portion  the  fields,  and  it  should  be  excited  by  the  current 
from  secondary  batteries  which  are  charged  at  intervals  by  the 
current  from  a  continuous  current  dynamo.  The  alternating  current 
may  be  generated  at  1000  or  2000  volts  and  then  raised  in  pressure 
to  a  much  higher  voltage,  20,000  volts  or  more,  by  means  of  oil 
insulated  transformers.  It  in  better  to  have  transformers  of  not  too 
high  a  voltage,  say  20,000  or  30,000  volts,  and  join  the  secondaries 
in  series  and  the  primaries  in  parallel  rather  than  to  have  transformers 
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of  exceedingly  high  voltage  in  each  instance.  Oil  insulated  trans- 
formers are  absolutely  essential  to  prevent  brash  discharges  in 
the  interior  destroying  the  insulation.  Wires  are  laid  from  the 
alternator  and  transformer  rooms  to  the  operating  room,  so  that 
indicating  instruments,  voltmeters,  and  ammeters  may  be  placed 
there  showing  the  operator  at  any  instant  the  current  coming  out 
of  his  alternator,  its  voltage  and  frequency.  It  is  generally  best  to 
separate  the  engine  and  boiler  room  a  considerable  distance  from 
the  transformer  house,  and  also  to  separate  the  transformer  house 
some  distance  from  the  condenser  house.  In  this  way  any  accident 
in  the  condenser  house  causing  fire  will  not  be  so  likely  to  spread 
to  the  transformer  house,  and  in  the  same  way  any  accident  to  the 
engine  in  the  boiler  room  will  not  be  so  likely  to  damage  the  trans- 
formation and  condenser  plant.  All  parts  of  the  plant  must  be,  of 
course,  duplicated  or  triplicated,  so  as  to  provide  perfect  security  for 
continuity  of  working  and  opportunity  for  executing  repairs.  In 
fact,  the  arrangements  of  this  part  of  the  plant  are  simply  those 
of  a  first-rate  electric  supply  station,  with  the  exception  that  the 
alternating  current  is  supplied  at  a  much  higher  voltage  and  higher 
frequency  than  is  desirable  in  the  case  of  lighting  or  power  supply. 

In  the  case  of  many  large  higher  power  stations  the  power  is 
supplied  electrically  from  some  distant  power  station,  being  given  in 
the  form  of  low  frequency  pol3rphase  currents.  This  can  then  be 
used  to  drive  polyphase  motors  coupled  either  to  alternators  or  to 
direct  current  dynamos. 

The  condensers  in  the  case  of  the  spark  system  will  consist  of 
a  number  of  stoneware  boxes  containing  metal  plates  separated  by 
glass  plates,  the  whole  immersed  in  insulating  oil,  as  described  in 
Chap.  I.  §  11,  or,  where  space  is  not  of  much  importance,  air 
condensers  can  with  advantage  be  used,  consisting  of  sheets  of 
galvanized  iron  or  zinc  suspended  on  insulators  six  inches  or  a  foot 
apart,  these  air  condensers  being  joined  up  in  series  and  parallel  to 
give  the  required  capacity  and  energy  storage.  On  the  arc  system 
the  condenser  is,  of  course,  much  smaller,  and  may  be  an  oil  con- 
denser constructed  of  metal  plates  in  oil,  or  a  compressed  air  con- 
denser, but  in  any  case  should  be  one  in  which  the  dielectric  used 
has  no  energy  absorbing  quality.  If  the  antenna  is  inductively 
coupled  to  a  reservoir  circuit,  the  oscillation  transformer  wiU  have 
its  primary  circuit  in  series  with  the  spark  gap  and  the  condensers, 
and  its  secondary  circuit  in  series  with  the  antenna  and  balancing 
capacity.  This  oscillation  transformer  generally  consists  of  a  rope  of 
highly  insulated  finely  stranded  wire  wound  on  a  wooden  frame,  the 
two  circuits  being  separated  from  one  another  by  glass  plates  or  ebonite 
cylinders,  and  the  whole  immersed  in  high  insulating  oil.  It  is  of 
the  utmost  importance  that  the  circuits  of  this  oscillation  transformer, 
and  also  of  the  connections  of  the  condensers  with  one  another  and 
with  the  spark  discharger,  should  be  constructed  of  a  suitably  stranded 
tape  consisting  of  a  high  conductivity  wire  not  thicker  than  No.  40 
S.W.G.  single  cotton -covered  and  twisted  together  into  a  plaited  tape 
of  sufiBcient  width.  The  lowest  possible  ohmic  resistance  should 
be  obtained  in  all  parts  of  these  circuits,  and  the  high  frequency 
resistance  kept  down  by  laminating,  as   above  described,  the  con- 
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ductors.  The  use  of  thick  strips  of  metal  or  ordinary  stranded  cables 
for  connection  is  a  great  source  of  energy  waste  in  the  oscillation 
circuits. 

It  will  generally  be  necessary  to  insert  certain  choking  coils  in 
the  primary  circuit  of  the  high  tension  transformers  between  them 
and  the  alternator,  and  also  in  the  high  tension  circuit  of  these  trans- 
formers between  their  secondary  terminals  and  the  spark  gap.  The 
circuit  which  includes  the  secondary  circuit  of  the  supply  trans- 
formers, the  condenser,  and  the  primary  circuit  of  the  oscillation 
transformer,  must  be  tuned  to  the  frequency  of  the  alternator ;  that 
is  to  say,  to  a  comparatively  low  frequency,  and  this  is  done  by 
inserting  appropriate  inductance  coils  close  to  the  high  tension 
terminals  of  the  exciting  transformers,  and  these  choking  coils 
serve  the  additional  purpose,  preventing  oscillations  during  a  dis- 
charge of  the  condenser  travelling  back  into  the  exciting  transformers. 


Fio.  16. — Method  of  SignaUing  by  Short-circuiting  Choking  Goila  placed  in 

circuit  of  the  Charging  Transformer. 


On  the  other  hand,  the  "circuit  which  contains  the  condensers,  the 
primary  and  oscillation  transformer,  and  the  spark  gap,  must  be 
tuned  to  the  frequency  of  the  antenna  circuit  comprising  the  capacity 
of  the  antenna,  the  secondary  circuit  of  the  oscillation  transformer, 
and  the  earth  wire.  Proper  means  must  be  taken  to  prevent  the 
establishment  of  any  arc  discharge  across  the  discharger  by  employ- 
ing either  the  Marconi  rotating  discharges,  or  some  other  equivalent 
device.  The  signals  are  made  in  the  case  of  the  power  plant,  either 
by  short-circuiting  one  of  the  chokers  H\  H^  in  the  low-tension  side  of 
the  supply  transformers,  as  shown  in  Fig.  16,  or  else  by  short-circuiting 
a  section  of  an  inductance  in  series  with  the  condensers,  or  by  cutting 
out  some  of  the  condensers  so  as  to  throw  the  condenser  or  reservoir 
circuit  out  of  tune  with  the  antenna.  In  any  case,  as  little  change  in 
wave  intensity  should  be  made  as  possible ;  that  is  to  say,  a  sufficient 
change  should  be  made  in  the  intensity  of  the  emitted  waves  to  cause 
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the  receiviDg  station  in  correspondence  at  a  distance  to  receive  the 
necessary  intelligible  Morse  signals.  A  large  throw-over  switch  is 
generally  worked  by  a  lever,  by  means  of  which  the  operator  changes 
over  the  antenna  from  sending  to  receiving ;  but  as  this  limits  the 
traffic  capacity  of  the  station,  devices  have  been  invented  for  du- 
plexing the  antenna  and  using  it  simultaneously  for  sending  and 
receiving. 

In  a  British  patent  specification  (No.  13020  of  1911)  Senator 
Marconi  described  an  extremely  simple  method  of  conducting 
duplex  radiotelegraphy  or  simultaneous  transmission  and  reception, 
which  is  only,  however,  applicable  to  long-distance  working.  It  is, 
in  fact,  now  used  between  his  stations  in  Carnarvon  (Wales)  and 
New  Jersey,  U.S.A.  The  .following  description  is  taken  from  his 
specification.  According  to  this  invention  the  transmitting  and 
receiving  instruments  at  each  station  are  placed  a  short  distance 
apart,  which,  however,  is  only  a  small  fraction  of  the  distance  over 
which  messages  have  to  be  sent  and  received.  Each  receiver  and 
transmitter  is  provided  with  its  own  antenna,  but  the  antenna  of 
each  receiver  is  twofold.  Each  receiver  has  an  antenna  suitable 
for  receiving  over  the  long-distance  range,  and  it  has  also  a 
second  smaller  antenna  for  receiving  the  signals  from  the  adjacent 
transmitting  station.  These  antennsB  are  genetuUy  bent  antenna 
in  accordance  with  Marconi's  British  patent,  No.  14788  of  1905. 

The  antennsB  at  the  receiving  station  must  have  their  horizontal 
portions  set  in  a  certain  position  relatively  to  a  line  joining  the 
receiving  station  with  the  adjacent  or  nectrest  transmitter.  The 
antenna  receiving  from  the  distant  transmitter  should  have  its 
horizontal  part  at  right  angles  to  the  line  joining  its  base  to  the 
nearer  transmitter. 

The  other  or  second  antenna  should  have  its  horizontal  part  in 
line  with  the  adjacent  transmitter  and  pointing  away  from  it. 

The  two  antennsB  at  each  receiving  station  are  called  respectively 
the  receiving  antenna  and  the  balancing  antenna.  These  antennse 
are  so  connected  respectively  through  a  double  coil  jigger  with  the 
receiving  appliances  that  the  powerful  waves  from  the  neighbouring 
transmitter  produce  two  oppositely  directed  currents  in  the  closed 
receiver  circuit,  and  so  do  not  affect  the  receiver.  On  the  other 
hand,  the  feeble  signals  coming  from  the  distant  transmitter  affect 
only  one  of  the  antennas,  viz.  the  larger  one  tuned  to  them  and 
so  create  a  signal.  Simultaneous  transmission  and  reception  can 
then  go  on  at  each  station.  In  order  that  the  oscillations  produced 
in  the  two  receiving  antennsB  by  the  proximate  transmitter  may 
exactly  annul  each  other  it  is  necessary  that  the  phases  should  be 
in  step.  This  is  done  by  adjusting  their  distances  from  the  nearer 
transmitter.  It  is  also  an  advantage  to  tune  the  two  transmitters 
to  slightly  different  wave  lengths,  so  that  each  transmitter  is  not 
quite  in  tune  with  the  adjacent  receiver,  but  is  in  tune  with  the 
distant  receiver. 

It  is  usual  to  operate  the  transmitter  in  each  station  by  electrical 
relay  keys  worked  from  the  adjacent  receiving  station. 

As  regards  short  distance  stations  the  solution  of  the  problem 
is  not  quite  so  simple.     In  the  ordinary  method  of  working  usual 
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at  present  the  operator  at  any  one  station  uses  the  same  antenna 
for  both  sending  and  receiving  alternately.  He  switches  this  an- 
tenna on  to  the  transmitting  or  receiving  apparatus  at  pleasure  to 
send  or  to  receive.  There  is,  however,  always  the  difficulty  that 
he  may  be  trying  to  send  at  the  same  moment  that  his  distant 
correspondent  is  sending,  to  him,  and  hence  confusion  results. 
Accordingly,  operators  have  to  be  careful  to  wait  upon  one  another, 
and  not  to  interrupt  or  change  from  receiving  to  sending  or  vice 
versa  without  notice  duly  given. 

The  basis  of  several  methods  devised  for  simultaneous  reception 
and  transmission  is  to  employ  some  mechanism  for  switching  the 
antenna  over  rapidly  and  for  short  intervals  from  the  transmitter  to 
the  receiver.  The  operator  thus  endeavouring  to  send  a  dash  signal 
has  not  the  antenna  at  his  disposal  for  so  doing  continuously,  but  for 
a  series  of  short  fractions  of  a  second  in  between  which  it  is  con- 
nected to  his  receiver,  and  he  is  then  in  a  position  to  receive.  In 
order  that  this  process  may  be  successful,  some  means  has  to  be 
contrived  for  preventing  clashing.  That  is  to  say,  if  there  are  two 
stations  A  and  B  in  correspondence,  the  station  A  must  be  in  a  con- 
dition to  receive  when  B  is  sending,  and  in  a  condition  to  send  when 
B  is  connected  for  reception. 

Many  inventors, therefore,  have  endeavoured  to  devise  synchronized 
mechanism  which  shall  keep  the  stations  in  the  above-mentioned 
alignment  and  correspondence.  Any  such  mechanism  is,  however, 
extremely  liable  to  get^out  of  step,  and  to  fail  in  its  purpose. 

As  the  author  does  not  know  of  any  successful  practical  applica- 
tion of  such  synchronizing  mechanism,  it  is  unnecessary  to  describe 
in  detail  any  of  the  numerous  plans  proposed  in  patent  specifications, 
but  which  have  probably  never  been  put  into  practice.  Some  methods 
have  been  devised  which  do  not  depend  upon  synchronization  of 
revolving  commutators  at  distant  stations,  but  are  of  somewhat 
doubtful  practicabiUty. 

One  method  was  patented  by  J.  S.  Stone  in  1901  (see  U.S.A. 
Patent  No.  716,136,  applied  for  January  23, 1901).  In  his  specifica- 
tion the  patentee  proposes  to  employ  two  sending  antennaB  in  which 
oscillations  in  opposite  phases  are  excited.  At  a  point  midway 
between  them  a  receiving  antenna  is  set  up,  which  will  be  influenced 
by  arriving  waves,  but  which  will  not.  therefore,  be  affected  by  the 
opposed  oscillations  in  the  two  local  sending  antennoB.  These  last, 
the  patentee  says,  should  preferably  be  placed  half  a  wave  length 
apart.  This,  however,  is  quite  impracticable  in  the  case  of  the  wave 
lengths  now  generally  employed.  Also  such  a  pair  of  antennsB  would 
constitute  a  directive  system,  and  radiate  chiefly  in  the  plane  of  the 
antennas,  and  not  at  all  in  a  direction  at  right  angles.  Hence,  on 
these  grounds  the  plan  can  hardly  be  considered  a  satisfactory 
solution  of  the  problem. 

Lee  de  Forest,  in  a  U.S.A.  patent.  No.  772,879,  applied  for 
June  4,  1903,  proposes  another  method  which  consists  in  inserting 
in  the  receiving  circuit  a  revolving  commutator  which  opens 
that  circuit  periodically.  This  commutator  is  driven  by  the  alter- 
nator or  interrupter  which  creates  the  spark  discharges  in  the 
transmitter  circuit,  and  is  so  arranged  that   the   receiver   circuit  is 
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to  be  open  when  the  transmitter  spark  occurs,  but  is  to  be  closed  in 
the  intervals  between.      Hence,  when  the  sending   operator   closes 
the  key  to  make  a  signal  consisting  of  one  or  more  spark  discharges, 
his  own  receiving  circuit  is  only  closed  at  intervals   between   the 
sparks  he  is  creating,  and  at  those  times  can  receive  signals  from 
a  distant  station.  \ 

By  employing  different  spark  frequencies  at  the  two  stations  in 
correspondence,   the  chances   of  the  sparks  occurring  at  the  two 
stations  simultaneously  are  reduced  to  a  very  small  amount.     The 
assumption,  however;  which  lies  at  the  base  of  the  proposal  is  that 
the  spark  intervals  are  perfectly  regular.     By  the  employment  of  the 
author's  spark  counter  it  can  be  shown  that  tliis  may  not  be  the  case, 
and  that  an  irregularity  in  spark  intervals  occurs  even  if  the  alternator 
frequency  is  constant. 

A  somewhat  similar  plan  was  proposed  by  R.  A.  Fessenden  (see 
U.S.A.  Patent,  No.  793,652,  applied  for  April  6,  1905). 

The  successful  performance  of  simultaneous  reception  and  trans- 
mission or  duplex  radiotel«graphy  requires  something  more  than 
means  for  switching  the  antenna  over  rapidly  and  alternately  from 
the  receiving  to  the  sending  apparatus,  and  it  must  dispense  with 
any  need  for  synchronization  between  commutators  in  distant  stations 
if  it  is  to  be  thoroughly  practical. 

Mr.  Marconi  clearly  recognized  this  fact,  and  has  devised  a  plan 
for   use  in   conjunction   with   his   own   rotating  discharger,   which 

essentially  depends  on   the 
fact  that  if  the  periods  dur- 
ing which  any  one  station  is 
in  a  condition  to  receive  are 
g        .._  .....  ...  ..^  ..^  g       long  compared  with  the  time 

during  which  it  is  in  a  con- 
I         2         3         4.         s  dition  to  send,  no  synchro- 

FiG.  17.  nization  is  necessary.     This 

can  be  explained  as  follows : 
Let  the  long  black  lines  in  Fig.  17  represent  the  time  intervals  during 
which  Station  A  has  its  receiving  apparatus  connected  to  the  antenna, 
and  the  short  spaces  between  these  lines  the  time  intervals  during 
which  the  same  antenna  is  in  connection  with  the  transmitter  at 
Station  A.  Thus,  if  the  last-named  intervals  are  each  0-001  of  a 
second,  the  longer  intervals  for  reception  may  be  0*01  of  a  second. 

These  periods  for  reception  and  transmission  are  made  to  succeed 
each  other  very  rapidly  and  uniformly. 

Suppose,  then,  at  the  Station  B  a  similar  series  of  intervals  of 
reception  and  transmission  is  taking  place,  during  which  the  antenna 
at  B  is  in  connection  with  the  receiving  and  sending  apparatus 
respectively.  These  intervals  at  B  may  be  following  each  other 
rather  more  quickly  than  those  at  A.  We  may  represent  this 
difference  by  supposing  the  interrupted  line  marked  B  in  Fig.  17 
to  slide  past  the  interrupted  Une  marked  A.  It  is  clear,  then,  that 
at  certain  intervals  of  time,  and  for  very  short  instants,  the  stations 
A  and  B  will  both  be  sending  at  the  same  instant;  but  if  the 
periods  of  time  during  which  they  are  each  in  a  condition  to  receive 
are  long  compared  with  the  time  during  which  they  can  each  send, 
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the  result  will  be  that  each  station  will,  on  the  whole,  for  the  greater 
part  of  the  time,  find  the  other  in  a  receptive  condition  when  it  is 
sending. 

Mr.  Marconi's  arrangement  is  specially  adapted  for  use  with  his 
high-speed  rotating  disc  discharger  with  studs  on  the  disc  in  which 
short  spark  discharges  occur  at  very  frequent  intervals,  with  much 
longer  intervals  between  them.  The  method  consists  in  using  for 
reception  ibll  the  idle  intervals  between  the  times  at  which  sparks 
occur  when  the  studs  pass  between  the  polar  discs.*  This  is  accom- 
plished by  rotating  one  or  more  commutators  synchronously  with 
the  studded  disc.  These  commutators  consist  of  insulated  wheels  or 
discs  Gi,  C2,  having  metal  plates  let  into  them  and  also  brushes  B^,  62 
pressing  against  these  plates  (see  Fig.  18)  in  such  a  manner  that  the 


Fio.  18. — Marooni'8  Apparatus  for  sunultaneouBly  sending  and  receiving  Radio- 
telegraphic  Messages.  Y,  P,  electric  motors  coupled  electrically  or  mechani- 
caUy  so  as  to  run  synchronously ;  D,  Marconi  studded  disc  discharger ;  G^,  G,, 
commutators ;  B^,  B„  B„  B^,  brushes ;  B,  receiving  instruments,  I,  indicating 
instrument ;  TP,  TS,  transmitting  jigger,  which  in  actual  practice  is  inserted 
in  the  antenna  RA,  just  above  the  short  spark  gap  ES ;  the  receiving  instru- 
ment RI  is  short-circuited  ab  the  moment  when  a  discharge  is  taking  place  at 
the  studs  S. 

brushes  are  short-circuited  and  an  electric  circuit  closed  at  certain 
intervals  during  the  time  of  rotation.  In  the  diagram  in  Mg.  18  two 
separate  antennsB  (BA,  TA)  are  shown  for  the  sake  of  explanation,  but 
it  must  be  understood  that  in  practice  these  may  be  one  and  the  same. 
One  of  these,  TA,  is  shown  in  connection  with  the  condenser  circuit 
which  includes  the  rotating  discharger,  and  the  other,  KA,  is  shown  in 
connection  with  the  receiver.     If  the  key  in  the  circuit  of  the  exciting 

>  See  Marconi's  British  Patent  Specification,  No.  16,546  of  1908. 
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transformers  is  depressed  for  long  or  short  periods,  a  series  of  dis- 
charges will  take  place  across  the  gaps  between  the  side  wheels  of 
the  discharger  SD^,  SD21  and  the  rotating  disc,  D,  carrying  the  studs. 
It  will  be  seen  from  the  diagram  that  the  receiving  aerial  is  discon- 
nected from  the  receiving  apparatus,  and  that  the  receiving  apparatus 
itself  is  short-circuited  whenever  a  stud  of  the  rotating  disc  is  in  the 
discharge  position.      The  sending  operator,  therefore,  so    to  speak, 
has  the  antenna  in  his  possession  for  short  periods  of  time  at  r^ular 
intervals,  and  if  he  depresses  the  key,  making  either  a  dash  or  a  dot, 
a  greater  or  less  number  of  studs  will  pass  the  gap  accompanied  by 
discharges  during  that  time.      Thus,  for  instance,  he  makes  a   dot 
by  depressing  the  key  for  a  short  time,  then  three  or  four  studs  may 
pass  the  gap  in  that  time ;  but  if  he  presses  the  key  for  a  long  time, 
making  a  dash,  a  dozen  or  more  studs  may  pass,  each  passage  of  a 
stud  being  accompanied  by  a  train  of  oscillations  from  the  reservoir 
condenser.     During  the  time  that  these  oscillations  are  taking  place 
the  antenna  is,  as  described,  disconnected  from   the   receiving   ap- 
paratus, but  in  the  intervals  between  the  passage  of  the  studi  it  is 
connected,  and  is  therefore  in  a  condition  to  receive  signals  from  the 
distant  sending  station.     It  is  necessary,  however,  to  make  sure  that 
there  is  a  certain  correspondence  between  the  two  stations  in  this 
respect,  viz.  that  whilst  one  station  is  sending  the  other  must  be  in 
a  condition  to  receive,  and  vice  versd.    As  already  explained,  this  can 
be  achieved  without  any  means  of  synchronizing  the  dischargers  at 
both  stations  in  correspondence,  provided  that  the  operative  periods 
of  the  sending  apparatus  are  much  shorter  than  those  of  the  receiving 
apparatus.     In  other  words,  at  any  one  period  during  which   the 
antenna  is  connected  to  the  receiver   must  be  much  longer  than 
the  period  during  which  it  is  connected  to  the  discharger.     Hence, 
if  a  dot  signal  arrives  to  be  received,  a  very  short  fraction  of  it  may 
be  lost  owing  to  the  operator  at  that  station  sending  during  certain 
fractions  of  the  time  represented  by  that  dot  signal,  but  enough  will 
be  received  to  record  an  audible  dot  signal  in  the  telephone  or  other 
receiver.     There  is,  therefore,  no  necessity  for  any  synchronization  of 
the  dischargers  at  distant  stations.     In  fact,  they  must  not  rotate 
at  the  same  speed,  and  the  chances  of   their  so  doing  and    falling 
exactly  into  step  is  very  small.     Accordingly,  by  this  ingenious  plan 
Mr.  Marconi  evades  all  necessity  for  elaborate  devices  for  synchro- 
nization, which,  however  well  they  look  on  paper,  are  not  at  all 
hkely  to  give  satisfaction  in  actual  work. 

We  have  already  referred  to  the  early  work  at  the  Poldhu  station 
of  the  Marconi  Company.  This  station  has  now  (1915)  been  in 
active  operation  for  more  than  14  years,  and  during  that  time  its 
chief  work  has  been  sending  Press  and  other  messages  for  the  Bulle- 
tins pubUshed  on  board  the  Atlantic  liners.  After  the  abohtion  of  the 
early  experimental  plant  in  which  an  oil  engine  was  used  as  motive 
power,  steam  plant  was  employed  in  the  form  of  a  tandem  compound 
horizontal  engine  driving  by  belt  a  75-K.W.  single  phase  alternator 
having  a  frequency  of  25.  The  condenser  consisted  of  400  glass  plate 
condensers  in  a  pattern  designed  by  the  author.  More  recently  the 
steam  plant  has  been  increased  by  a  turbine  of  110  H.P.  direct 
coupled  to  an  alternator  of  75-K.W.  size  having  a  frequency  of  200 
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The  alternator  is  geared  to  the  turbine  by  a  10 : 1  helical  step-down 
gearing. 

Another  15-K.W.  turbine  supplies  current  for  lighting  and  battery 
charging  and  a  third  turbine  of  5  H.P.  is  used  for  pumping  condens- 
ing water  to  a  reservoir.  The  new  alternator  charges  a  bank  of  144 
condensers  constructed  of  zinc  plates  suspended  in  oil.  In  the  old 
plant  the  slow  speed  rotating  Fleming  disc  discharger  was  replaced  in 
or  about  1907  by  a  high  speed  Marconi  discharger  of  the  studded  disc 
type  which  was  separately  driven.  In  the  new  plant  the  discharger 
consists  of  a  series  of  metal  spokes  like  a  wheel  without  a  rim  which 
is  attached  through  an  insulating  coupling  to  the  shaft  of  the  alter- 
nator. Each  of  the  spokes  of  this  discharger  makes  grazing  contact 
as  it  passes  with  one  of  a  pair  of  slowly  rotating  brass  discs  placed  in 
diametrical  positions.  There  are  10  spokes  and  the  alternator  speed 
is  2400  RP.M.  Hence  it  follows  that  there  are  400  discharges  of  the 
condenser  per  second.  The  discharger  is  contained  in  a  sound-proof 
well-ventilated  box.  The  four  wooden  lattice  towers  originally  erected 
to  support  the  antenna  have  been  demolished,  and  their  place  taken 
by  two  steel  masts  and  four  wooden  ones  which  support  a  directional 
antenna.  The  two  steel  tubular  masts  are  built  up  in  10-feet  sections 
of  pairs  of  half  cylinders.  They  are  264  feet  high.  At  a  height  of 
250  feet  they  carry  a  triatic  stay  to  which  the  aerial  wires  rise  up 
from  the  station.  The  wires  are  then  carried  more  nearly  horizon- 
tally by  triatic  stays  stretcbing  between  several  pairs  of  wooden  masts. 

As  an  example  of  the  general  arrangements  of  modem  power 
stations  the  following  details  may  be  given  of  those  erected  by 
Mr.  Marconi  for  the  Marconi  Company,  one  at  Clifden  in  Ireland, 
and  the  other  at  Gape  Breton  in  Nova  Scotia.  A  general  view  of 
the  Ciifdein  station  is  shown  in  Figs.  19  and  20,  the  engine  and 
boiler  house  being  on  the  right-hand  side  of  the  view  in  Fig.  20,  the 
condenser  house  in  the  centre  with  the  antenna  masts  above  it  and 
stretched  away  from  it,  and  a  residence  for  the  operators  in  the 
foreground.  The  totaJ  engine  power  installed  for  spare  and  use  is 
1100  H.P. 

The  antenna  at  Gape  Breton  and  Glifden  consists  of  a  number  of 
wires  rising  220  feet  vertically,  supported  by  masts,  and  then  extend- 
ing 1000  feet  horizontally  at  a  distance  of  180  feet  above  the  ground. 
The  antenna  is  designed  for  a  wave  length  of  about  20,000  feet.  The 
condenser  used  has  a  capacity  of  18  microfarad,  and  the  spark 
length  used  is  generally  18  to  20  mm.,  equal  to  a  voltage  of  nearly 
46,000  volts.  Tbe  bent  antennsB  at  Glace  Bay,  Nova  Scotia,  and 
Glifden,  Ireland,  are  placed  with  their  free  ends  pointing  directly 
away  from  one  another.  The  transmitting  antenna  contains  60,000 
feet  of  wire,  and  the  receiving  antenna  18,000.  The  space  covered 
by  this  directive  antenna  is  about  one-tenth  of  a  square  mile.  The 
condenser  employed  is  an  air  condenser  formed  of  1800  sheets  of 
metal,  30  feet  by  12J  feet,  hung  up  on  insulators,  thereby  avoiding 
the  dissipation  of  energy  inseparable  from  the  use  of  glass  con- 
densers, and  also  the  risks  of  stoppage  of  work  involved  in  the 
puncture  of  a  solid  dielectric.  The  dischargers  used  as  spark  gaps  in 
these  stations  are  the  high-speed  revolving  disc  dischargers  invented 
by  Mr.  Marconi,  already  described.     Owing  to  the  regularity  of  the 


750  RADIOTELEGBAPHIC   STATIONS 

dieoharges,  the  Morse  dash  is  heard  in  the  telephooe  at  the  other 


if 


side  as  a  clear  miiBical  Dote,  and  the  operator  can  distin^ish  easily 
between  it  and  the  irregular  sounds  due  to  atmospheric  discharges. 
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In  a  lecture  given  OD  June  2,  1911,  at  the  Royal  Institution, 


I  I 


"I 


Mr.  MarooDi  gave  the  following  details  with  regard  to  the  Clifden 

station.      He  said  that  in  his  eKperienco,  when  iitiJizing  tlie  best 
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modem  receivers,  it  was  preferable  to  use  intermittent  discharges  of 
feebly  damped  waves  rather  than  continuous  waves,  and  if  the  con- 
denser discharges  were  perfectly  uniform  it  was  then  possible  not 
only  to  tune  the  oscillation  circuits  to  the  wave  frequency,  but  also 
the  receiving  telephone  itself  to  the  group  frequency.  Besults  almost 
as  good  were  then  obtainable  as  by  continuous  waves,  provided  the 
decrement  (per  half-period)  of  the  damped  waves  was  about  0*03  or 
0*04.  The  condenser  circuit  at  Clifden  had  a  decrement  of  0*015  to 
0*03  for  fairly  long  waves. 

The  interesting  feature  of  the  transmitting  arrangements  at  Clifden 
is  the  employment  of  continuous  current  dynamos  and  a  large  storage 
battery  to  charge  an  air  condenser.  Several  direct  current  generators 
joined  in  series  giving  a  voltage  of  2000  are  employed  to  charge  a 
battery  of  6000  cells. 

The  capacity  of  each  cell  is  40  ampere  hours.  When  the  cells 
are  charged  the  effective  voltage  is  from  11,000  to  12,000  volts,  and 
when  being  charged  by  the  D.C.  generators  is  about  15,000  volts. 
For  a  considerable  portion  of  the  day  the  storage  battery  alone  is 
employed,  so  that  for  18  hours  out  of  24  no  moving  machinery  is 
necessary,  with  the  exception  of  the  small  motor  running  the  disc 
discharger. 

The  potential  to  which  the  condenser  is  charged  reaches  18,000 
volts,  whilst  the  battery  alone  only  gives  12,000.  This  rise  of 
pressure  is  due  to  the  inductance  of  the  circuit  through  which  the 
condenser  is  charged.  This  high  voltage  battery  is  insulated  by 
being  divided  into  small  sets  of  cells  placed  on  stands  suspended  by 
insulators  from  the  ceiling  of  the  battery-room. 

The  condenser  is  discharged  through  the  jigger  circuits  by  a 
studded  disc  rotating  discharger  made  as  described  in  §  18  of  Chap. 
VII. 

The  scheme  of  connections  is  as  shown  in  Fig.  21. 

The  studs  on  the  rotating  disc  make  grazing  contact  with  the 
side  wheels  as  they  pass  round,  so  that  when  the  condenser  is  in 
the  act  of  being  discharged  the  discharge  circuit  is  a  practically 
closed  metallic  circuit.  The  peripheral  speed  of  the  disc  is  600  feet 
per  second.  Any  arc  which  tends  to  form  is  therefore  at  once  blown 
out,  and  the  discharge  circuit  opened  for  the  next  condenser  charge 
to  take  place.  The  primary  or  condenser  discbarge  is  therefore  a 
highly  damped  or  nearly  quenched  discharge,  and  the  oscillations 
set  up  in  the  antenna  circuit  are  its  free  oscillations.  The  energy 
thus  transferred  to  the  antenna  nearly  all  goes  out  in  effective 
radiation,  and  does  not  pass  back  into  the  spark  gap.  The  wave 
length  of  this  radiation  is  from  5000  to  7000  metres,  or  about  22,0i]|p 
feet,  or  say  4-5  miles. 

Hence,  since  there  may  be  perhaps  50  effective  waves  in  each 
train,  the  wave  train  extends  over  a  distance  of  200  to  250  miles  or 
more. 

Since  the  condenser  discharge  is  nearly  quenched,  the  coupling 
of  the  transformer  circuits  can  be  fairly  close  without  creating  a 
double  wave  length  or  making  a  double  hump  on  the  resonance 
curve.     Hence  the  tuning  at  the  receiving  station  is  sharp. 

The  arrangements  in  the  corresponding  station  at  Glace  Bay  in 
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Nova  Scotia  are  similar.  The  directive  antennsB  of  the  kind  shown 
in  Fig.  30,  Ohap.  VII.,  of  the  two  stations  on  either  side  of  the 
Atlantic  are  placed  with  their  free  ends  pointing  away  from  each 
other  so  that  their  radiative  and  absorptive  powers  towards  each 
other  are  at  a  maximum. 

In  addition  to  the  pair  of  stations  at  Poldhu  in  Cornwall,  England, 
and  Cape  God  in  Mass.,  U.S.A.,  and  the  pair  at  Clifden  in  Ireland, 
and  Glace  Bay  in  Nova  Scotia,  the  Marconi  Company  have  recently 
erected  two  still  larger  stations — one  at  Carnarvon  in  Wales,  and 
one  in  New  Jersey,  U.S.A.,  which  are  intended  for  the  principal 
transatlantic  correspondence  between  England  and  the  United  States. 


[Rjf  permiuion  of  l%e  WirtUis  PretSf  lAd. 

Fio.  21. — Soheme  of  Ck>nnection8  in  the  Transmitter  of  Marconi  Stations  at 

Clifden  and  Glace  Bay. 

The  Carnarvon  station  is  constructed  for  duplex  working — that 
is,  for  simultaneous  transmission  and  reception  by  the  method 
employing  two  receiving  antenna  which  is  described  above. 

As  the  distance  across  the  Atlantic  is  nearly  3000  miles,  the 
'  receiving  station  is  placed  at  a  distance  of  nearly  60  miles  from  the 
transmitting  station,  but  the  latter  can  be  operated  from  the  receiving 
station.  The  arrangements  are,  however,  such  that  the  receivers  at 
the  receiving  station  are  not  afifected  by  the  powerful  waves  sent  out 
from  the  transmitting  station,  but  only  by  the  feeble  waves  arriving 
from  the  corresponding  transmitting  station  on  the  other  side  of  the 
Atlantic. 

3  c 
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Tbe  transmitting  station  is  situated  a  few  miles  east  of  CarDarvon, 
OQ  the  Cefii-du  mountain,  at  a  height  of  680  feet  above  the  sea.' 

The  receiving  station  is  at  Towyn,  a  seaside  village  in  Wales, 
ahont  62  miles  from  Cefn-du, 

Four  wires  connect  these  two  stations,  heing  carried  on  the  same 
posts  as  the  Post  Office  telegraph  wires. 


Power  is  supplied  to  the  station  by  an  overhead  transmissioa  line 
at  10,000  volts,  three-pliase  currents  beinglused.  This  power  comes 
from  the  North  Wales  Power  and  TractioQ  Company's  station,  situated 

'  For  tho  doUiled  doitcriplilon  of  tbis  Matconi  station  tbe  author  is  indebted 
to  tbe  courtesy  of  the  proprietors  of  The  Wireless  World,  published  b;  tbe  Wire- 
Ions  PrcAs,  Ltd,,  Marconi  Houso,  Strand,  as  nail  as  tor  tbe  permtssioD  to  use  the 
iUuBtrationa  of  it  given  here. 
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at  Cwm  Dyli,  about  11^  miles  away.  This  power  station  obtains  its 
power  from  water  turbines  supplied  from  a  lake  near  Soowdon,  Tbe 
10,000  volt  pressure  is  reduced  to  440  volts  by  a  tranaformeF  station 
near  the  wireless  station.  The  latter  consists  of  a  large  buildiDg 
about  100  feet  by  83  feet,  divided  into  three  parts  fsee  Fig.  22). 

The  main  transmitting  sets  which  are  in  duplicate  consist  of  a 


300  K.V.A.  single  phase  alternator  (see  Fig.  23),  supplying  current 
at  1750  volts  and  150  frequency,  which-  is  direct- coupled  to  a  500 
B.H.P.  three-phaKe  motor  taking  current  at  50  frequency  and  440 
volts  from  the  above-mentioned  power  station.  The  motor  also 
drives  tbe  D.C.  exciter,  giving  300  amperes  at  40  volts.  Also  the 
Marconi  disc  discharger  is  coupled  to  the  alternator  shaft  and  driven 
in  synchronism  therewith. 
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The  discharger  is  insulated  from  the  alternator  and  from  the 
earth,  and  contained  in  a  sound-proof  chamber  which  is  ventilated 
by  a  blower. 

The  alternator  sends  current  to  a  bank  of  transformers,  each  of 
75  E.Y.A.,  which  raise  the  voltage,  and  each  transformer  is  capable 
of  being  isolated  on  the  primary  and  secondary  side  by  switches. 

The  current  for  the  motors  and  alternators  is  controlled  from  a 
main  switchboard  comprising  10  panels,  each  2  feet  wide  by  8  feet 
high,  provided  with  all  necessary  cut-outs  and  rheostat  controls  for 
the  motors. 

The  condensers  are  arranged  on  an  upper  floor,  and  consist  of 
metal  plates  in  oil. 

The  transmitting  plant  is  operated  by  relay  keys  from  the  receiving 
station,  and  these  sending  keys  are  in  tuni  worked  by  automatic 
transmitters,  in  which  the  message  is  first  punched  out  on  tele- 
graphic paper  strip  and  then  fed  through  the  transmitter. 

The  main  oscillation  transformer  or  jigger  is  of  the  usual  two- 
coil  type  wound  with  special  stranded  high-frequency  wire  on  insu- 
lated frames.  Provision  is  made  for  altering  the  coupling  between 
the  circuits.  The  aerial  tuning  inductances  are  three  in  number, 
and  provided  with  the  necessary  tappings  for  adjustment. 

The  antenna  is  a  directional  antenna  which  is  approximately 
3600  feet  long  and  500  feet  in  width.  Ten  steel  tubular  masts,  each 
400  feet  high  form  the  supports.  They  are  3  feet  6  inches  in 
diameter  in  the  lower  half  and  2  feet  6  inches  in  the  upper  half, 
built  in  sections  of  15  feet  in  length.  Each  mast  stands  on  a  block 
of  concrete  12  feet  by  12  feet  by  6  feet,  weighing  nearly  48  tons. 
These  gigantic  masts  are  stayed  by  steel  wire  ropes,  having  insulators 
in  them  every  100  feet  apart.  These  stays  are  anchored  at  the  lower 
end  to  great  blocks  of  concrete,  each  12  x  12  x  12  feet,  weighing  97 
tons.  Four  sets  of  seven  stays  of  3  inch  steel  rope  are  used  for 
each  mast.  The  masts  are  placed  in  four  rows  of  3,  2,  2,  and  3 
masts  900  feet  apart.  The  aerial  wires  diverge  from  a  leading  in 
insulator  to  a  line  of  rod  insulators,  supported  by  a  triatic  slung 
between  the  tops  of  the  masts,  and*  at  the  end  an  even  tension  is 
kept  on  each  by  a  balance  weight.  The  masts  are  built  up  the 
side  of  a  mountain,  and  the  long  side  of  the  aerial  therefore  follows 
the  ground  contour  at  a  height  of  400  above  it  (see  Frontispiece). 

The  earth  plate  consists  of  one  inner  ring  of  metal  plates  sur- 
rounding the  station,  and  a  larger  concentric  outer  ring,  the  two 
being  connected  by  wires.  From  the  outer  ring  wires  run  up  as  far 
as  the  free  end  of  the  aerial,  and  from  the  inner  ring  wires  are 
brought  overhead  to  the  main  earth  terminal. 

The  signalling  switches  in  the  'transmitting  station  are  relay 
switches,  the  arc  at  break  being  quenched  by  a  powerful  blast 
of  air.  These  switches  can  either  be  worked  in  the  transmitting 
station  itself  on  an  emergency,  but  are,  as  a  rule,  operated  from 
the  receiving  station  60  miles  away  by  means  of  Wheatstone  auto- 
matic transmitters,  controlled  by  punched  paper,  which  work  small 
current  relays  at  the  transmitting  station,  and  these  again  set  in 
action  the  main  switches  which  break  and  make  the  main  circuits 
controlling  300  K.V.A. 
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The  whole  process  of  sending  a  message  by  wireless  across  the 
Atlantic  has  thtis  been  rendered  nearly  automatic  by  this  won- 
derful combination  of  appliances,  and  can  be  conducted  at  the 
rate  of  100  words  a  minute  simultaneously  in  both  directions.  In 
The  Wireless  World  for  July,  1914,  the  course  of  a  message  handed 
in  at  either  of  the  Marconi  Company's  chief  offices  in  London,  viz. 
in  Fenchurch  Street,  or  in  the  Strand,  is  thus  described — 

Immediately  it  is  handed  in  it  is  despatched  by  special  pneumatic 
tube  to  the  instrument  room,  where  it  is  transierred  to  punchers, 
who  punch  out  in  Morse  code  the  message  on  paper  tape,  so  that 
it  resembles  somewhat  the  perforated  music-paper  of  a  mechanical 
piano.  This  paper  tape  is  then  passed  through  an  instrument  called 
a  Creed  transmitter,  which  transmits  the  message  electrically  along 
a  private  line  from  London  to  the  Marconi  Station  at  Towyn,  and 
the  message  is  there  reproduced  automatically  again  in  facsimile  in 
punched  paper  tape.  This  paper  tape  is  then  passed  through  a 
Wheatstone  transmitter,  whicli  operates  by  relays  the  switches  at 
the  transmitting  station  at  Carnarvon  60  miles  away,  and  the 
message  is  then  conveyed  across  the  Atlantic  in  the  form  of  a  stream 
of  closely  sequent  electric  wave  trains  interrupted  in  accordance 
with  the  Morse  code,  so  as  to  spell  out  the  message  letter  by  letter. 
So  rapidly  and  yet  so  surely  does  this  chain  of  complicated  pieces 
of  apparatus  work  that  the  letters  are  flashed  across  the  Atlantic  at 
the  rate  of  9  or  10  letters  a  second,  or  100  words  a  minute.  These 
signals  are  physically  represented  by  the  trains  of  electromagnetic 
waves  in  the  aBther,  each  train  composed  of  50  or  more  waves  4  or 
5  miles  in  letigth,  built  up  into  trains  250  miles  long  or  so,  the  waves 
tailing  away  in  amplitude.  These  flit  over  the  ocean  in  groups  of 
trains  longer  or  shorter  as  the  Morse  code  requires  a  dash  or  a  dot. 
At  the  other  end  the  process  is  reversed.  The  arriving  waves  give 
up  their  energy  to  the  receiving  antenna  and  the  signals  as  already 
described  are  received  aurally  by  telephone,  or  photographically  by 
the  Einthoven  galvanometer.  In  either  case  they  are  translated 
again  on  to  punched  tape  by  which  they  are  transmitted  to  New  York 
or  other  city,  and  ultimately  reach  the  proper  recipient. 

Another  interesting  long  distance  nidiotelegraphic  station  on  the 
spark  system  is  that  at  the  Eiffel  Tower  in  Paris.  In  order  that  the 
Champ  de  Mars,  on  which  the  Eiffel  Tower  stands,  should  not  be 
disfigured  by  a  building,  the  station  itself  is  underground,  and  the 
Eiffel  Tower  acts  as  a  support  for  the  antenna.  This  station,  for 
a  long  time  before  the  European  War  of  1914,  acted  as  a  distributor 
for  Greenwich  time  and  for  weather  reports,  as  well  as  for  news  and 
French  Government  purposes. 

There  were  then  three  equipments  in  the  station,  two  being  for 
low  frequency  spark  methods  and  one  for  high  frequency  (musical) 
spark  method.  The  main  antenna  consists  of  6  galvanized  steel 
cables  which  run  fan-shape  from  the  station  to  the  top  of  the  Tower. 
The  steel  has  a  certain  damping  effect,  but  the  cables  have  been 
found  to  last  better  than  the  bronze  wires  first  used.  These  cables 
are  carried  by  insulators  at  the  top.  The  earth  plate  consists  of  a 
large  number  of  zinc  plates  about  600  square  metres  in  area,  buried 
under  the  station  foundations.     There  is  also  a  shorter  aerial  of 
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two  wires  for  experimeDtal  purpoees.  The  tower  itself  abeorbs  & 
certain  amount  of  energy  as  the  antenna  wires  are  o£  about  the 
same  length,  1000  feet  or  so. 

Power  for  the  signalling  is  taken  from  the  city  soppLy  lighting 
circuitB  in  the  form  of  alternating   current  at   220   volte   and  42 


After  passing  through  a  switchboard  and  certain  resistances 
it  is  fed  into  a  transformer,  or  bank  of  transformers,  whicb  raise  the 
pressure. 

The.  antenna  has  in  series  with  it  an  autotransformer  coil  con- 
sisting of  4^  turns  of  copper  tube  about  i  inches  in  diameter.     Tbe 


{BypcrnUiiBn  of  Ike  proprictBT' iif  "  Tke  Elatlritian." 
F[G.  21. — CoudeuBets  and  Spark  Discharger  in  the  Bifiel  Tower  Statioa,  Paris. 

whole  of  this  is  in  the  aerial  circuit,  and  a  fraction,  viz.  about  li 
turns  are  in  the  oscillation  circuit.  The  condenser  consists  of  8896 
MoBcicki  tubes,  each  able  to  stand  50,000  volts.  These  are  arranged 
in  racks  (see  Fig.  2i').  The  spark  gap  consists  of  two  fixed  metal 
surfaces  on  which  a  blast  of  air  impinges. 

The  signalling  is  effected  by  cutting  out  resistance  in  circuit  with 
the  feeding  transformer.  These  resistances  and  transformers  are 
shown  in  Fig.  25. 

This  main  spark  system  employs  as  a  rule  60  K.W.,  and  can 
deal  with  80  K.W.  of  supplied  electric  power.  In  addition  to  this 
large  plant,  there  is  a  smaller  one  of  10  K.W.  on  the  same  low 
frequency  epark  system,  and  also  one  of  22  K.W.  on  the  high 
freiiuency  or  musical  spark  system.  This  latter  is  operated  by  a 
BetnSnod  alternator,  having  a  frequency  of  600. 

The  high  frequency  spark  system  was  recently  increased  by  the 
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addition  of  a  150  K.W.  alternator,  having  a  frequency  of  1000,  and 
the  low   frequency  spark   system  will  be,  no  doubt,  before  long 


Fio.  as.— Primal?  Induotuioea  aad  RheostatB  ia  EiSel  Tower  Station,  Paris. 

abandoned.    The  wave  length  employed  has  generally  been  about 
2000  metres. 

To  distribute  time  signals  the  following  form  of  key,  actuated 
t^  the  clock  of  the  Paris  Observatory,  was  devised  by  Commandant 
Perri6.     A  vessel  con-  Rheostat 

taining  mercury  had  in     HWWWWW\/S- 

it  a  rotating  electrode  ' 

E  and  a  mercury  pump 
ji  (see  EHg.  26),  the 
piston  of  which  was 
depressed  by  a  solenoid 
E  through  the  agency 
of  a  relay  by  a  current 
sent  by  the  Standard 
Observatory  Clock.'  At 
the  instant  the  clock 
closed  a  circuit  the 
pump  caused  a  squirt 
of  mercury  to  take 
place  against  the  rota- 
ting electrode,  and  so 
short-circuited  a  resist- 
ance in  series  with  the 
feeder  transformer,  and 

thus  made  the  spark  take  place.      Experiment  showed  that  there 
was  a  constant  delay  of   02  second    between  the   emission  of  the 
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signal  and  the  clock  time.  The  vessel  containing  the  pump  is  filled 
with  coal  gas  to  prevent  oxidation  of  the  mercury. 

This  radiotelegraphic  plant  was  employed  to  distribute  Green- 
wich mean  time  over  part  of  Europe  and  of  the  Atlantic,  and  also 
certain  information  collected  by  the  Weather  Bureau  as  to  the  baro- 
metric pressure,  wind  velocity,  temperature,  and  weather  at  certain 
stations,  viz.  at  Beykjavik  (in  Iceland),  Valencia  (in  Ireland), 
Ouessant  (Ushant  in  France),  Corunna  (in  Spain),  Horta  (in  the 
Azores),  and  St.  Pierre  (in  Newfoundland). 

This  information  enabled  ships  at  sea  to  obtain  their  longitude 
and  certain  useful  information  as  to  weather  prospects.  This 
system  was,  however,  interrupted  by  the  European  War  in  August, 
1914. 

We  turn,  then,  to  consider  another  long-distance  pair  of  stations 
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[By  permitHon  qf  The  InsHtate  of  Radio-Enffineent  Kao   Turk, 


Fig.  27. — Scheme  of  Circuits  of  Goldschmidt  Alternator  in  Tuckerton 

Radio-station. 


established  to   operate  with  the   Goldschmidt    alternator,   already 
described  in  Chapter  I. 

The  typical  arrangement  of  a  high-power  stalion  on  this  system 
will  be  best  understood  from  a  description  of  the  Tuckerton  Station, 
New  Jersey,  corresponding  with  a  similar  station  near  Hanover, 
Germany.3 

The  principles  of  the  Goldschmidt  alternator  have  already  been 
explained  in  Chapter  1/ 

The  diagram  in  Fig.  27  shows  the  scheme  of  circuits  for  a  four 
circuit  frequency  transformation.  On  account  of  the  ease  of  hand- 
ling it  is  found  best  to  encite  with  direct  current.     Hence  the  first 

>  See  Proceedings  of  the  Institute  of  Radio  Engineers^  New  York,  U  SJi., 
March,  1914,  vol.  2,  p.  69,  in  which  a  description  of  the  Tuckerton  Station  is 
given  by  Mr.  E.  E.  Mayer. 
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alternator  circuit  coDsistB  of  the  stator  carrying  the  D.C.  current,  the 
lotor  being  driven  by  an  electric  motor.  This  last  draws  its  energy 
from  two  direct  current  generators  in  Ward- Leonard  connection. 

By  regulating  the  voltage  of  these  two  dynamos  very  great  ease  of 
epeed  control  and  starting  of  the  alternator  is  obtained.  The  motor 
at  Tuokerton  is  of  250  H.P,  and  220  volts,  and  has  a  speed  of  4000 


B.P.M.  The  Goldschmidt  alternator  coupled  to  it  has  an  output  of 
200  K.W.,  and  is  intended  for  normal  working  at  100  K.W.  'Hie  in- 
ductances of  the  tuning  circuits  of  the  alternator  are  cylindrical  or  flat 
spiral  coils  of  copper  tube.  A  general  view  of  the  alternator  is  shown 
in  Fig.  28.  They  are  in  series  with  suitable  condensers  and  arranged 
on  the  terminals  of  the  stator  and  rotor  according  to  the  scheme  of 
connection  shown  in  Fig.  27.     The  normal  speed  of  the  rotor  is  such 
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that  the  first  A.C.  current  generated  has  a  frequency  of  about  10,000 
and  this  is  multiplied  up  to  40,000  or  50,000  as  explained  in  Chap.  I. 

To  make  the  signals,  an  oil  insulated  relay  switch  operated  by  a 
key  is  inserted  in  the  exciter  circuit  so  as  to  interrupt  the  D.G.  exciting 
current.  The  exciting  power  of  the  200  K.W.  alternator  is  between 
5  and  10  kilowats.  To  avoid  changes  of  speed  in  making  the  signal 
the  key  not  only  closes  the  exciter  circuit  but  also  at  the  same  time 
weakens  the  field  and  speeds  up  the  driving  motor  (see  Fig.  29).  This 
compensation  prevents  any  drop  in  frequency  on  signalling.  To 
secure  efficiency  the  various  inductive-capacity  circuits  which  take  up 
the  intermediate  current  harmonics  are  made  with  as  large  capacity 
and  as  small  inductance  and  resistance  as  possible. 

The  antenna  is  supported  by  a  steel  tower  825  feet  (=  250  metres) 
high.  This  tower  is  insulated  at  the  base  on  glass  blocks,  and  there 
is  also  an  insulating  joint  in  the  middle.     The  tower  is  stayed  by 
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[By  permiuUm  qf  The  histituU  of  Radio-Sngineers,  New  rvrk. 

Pig.  29. — Scheme  of  Connections  in  the  Transmitting  Circuit  of  Goldachmidt 

Alternator. 

steel  guys.  The  antenna  itself  is  a  double  cone.  Around  the  steel 
tower  at  a  distance  of  1500  feet  are  arranged  a  circle  of  poles  40  feet 
high.  A  radial  system  of  wires  extends  from  the  top  of  the  tower 
about  one-third  of  the  way  to  the  tops  of  these  poles,  the  wires  being 
continued  by  chains  of  insulators,  and  a  second  set  of  wires  comes 
down  to  the  base  of  the  tower  from  the  outer  ends  of  the  upper  wires. 
The  antenna  is  in  series  with  a  loading  coil  formed  of  a  large  copper 
spiral  and  with  a  variometer  or  variable  inductance  (see  Pig.  30). 
The  receiving  apparatus  comprises  a  tone  wheel  as  already  described 
in  Chap.  VII. 

Using  the  devices  above  described,  radiotelegraphy  has  been  con- 
ducted over  a  distance  of  4000  miles  (=  6500  K.W.)  from  Tuckerton  to 
Eilvese,  both  by  day  as  well  as  night.  A  considerable  difference  has 
been  found  in  the  signal  strength  by  day  and  night,  and  also  from 
day  to  day. 
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Up  to  the  preeeDt  (1916)  no  regular  coinuiercial  work  has  been 
carried  on  by  these  Goldschmidt  stations. 

6.  Hilitary  and  Portable  Stations. — Wireless  tele^^raphy  has 
provided  a  new  implement  of  great  utility  in  military  operations.  It 
enables  communication  to  be  quickly  establisbiid  between  far  distant 
points  in  a  country,  and  therefore  oan  be  used  to  enable  commanders 
in  tbe  field  to  apprise  themselves  of  events  and  issue  instructions 
without  the  need  of  laying  telephone  or  telegraph  wires  as  in  former 
days.  For  this  purpose  radiotelegraph ic  apparatus  has  been  designed 
of  which  all  parts  are  made  portable.     Marconi's  Wireless  Telegraph 


[By  ptrmiuiim  of  Tht  ImtiluU  of  Hadlo-Sngimtri,  Hem  rark. 
Fig.  so.— Loading  Coil  at  Tuokerton  Station,  U.S.A. 

Company  have  worked  out  in  tbe  light  of  special  experience  three 
types  of  military  wireless  plant,  as  follows : — 

1st.  Sets  in  wbich  all  parts  can  be  carried  on  horseback,  called 
cavalry  or  pack  sets ; 

2nd.  Sets  in  wtiich  all  parts  are  contained  in  light  carts  or  in 
motor-cars,  for  longer  distances  ;  and 

3rd.  Hand  or  knapsack  sets  in  which  tbe  parts  can  he  transported 
on  soldiers'  hacks  for  scouting  and  short-distance  work. 

The  cavalry  or  pack  seta  and  small  handcart  seta  are  of  such 
size  as  to  enable  them  to  communicate  over  35  or  40  miles,  and  the 
larger  motor-car  or  cart  sets  for  150  or  200  miles  over  ordinary  flat 
country. 

Masts  used  for  antenna  support  in  portable  or  military  stations  are 
either  jointed  tubes  put  together  like  fishing  rods  or  else  telescopic 
masts  fonned  of  a  nest  of  concentric  tubes  which  are  extended  by  a 
screw  mechanism.     Preference  is  generally  given  to  tbe  former  type, 
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as  less  likely  to  give  trouble  by  getting  out  of  order.  Also  masts  of 
moderate  height  sustaining  directive  antennae  are  to  be  preferred  to 
high  masts  carrying  umbrella  antennaB,  since  the  former  are  less  con- 
spicuous from  a  distance.    The  Marconi  Company  employ  steel  tubes 
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fitting  together  in  6  sections  of  5-feet  lengths,  two  such  30-feet  maste 
being  employed  to  Sustain  a  multiple  horizontal  aerial  of  T  or  f 
shape.  This  provides  an  antenna  not  requiring  any  large  clear  space 
of  ground  in  which  to  erect  it.    Jointed  masts  of  such  moderate  height 
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can  be  pnt  together  •when  lying  on  the  ground,  and  then  raised  by 
two  men  just  as  builders  raiee  a  ladder.  A  higher  mast  has  to  be 
ereoted  by  jointing  at  the  base  a  sprit  at  right  angles  to  it  and  ttien 


connecting  this  sprit  by  guy  ropes  to  the  mast  at  varioua  points.  The 
mast  is  then  raised  by  pivoting  the  right  angle  comer  on  the  ground 
and  getting  a  purchase  on  the  outer  end  of  the  sprit  and  hauling  it 
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dotvn  with  tackle.  The  mast  is  prevented  from  falling  over  as  it  goes 
up  by  guy  ropes  at  the  side 
held  by  other  men.  The  whole 
process  will  be  understood 
from  the  iilnetratioDs  in  Figs. 
31  and  32. 

Turning  then  to  the  details 
of  the  apparatus  employed  we 
shall  describe  the  pack  cart  and 
motor-car  sets  of  the  Marconi 
Wireless  Telegraph  Company 
as  perhaps  tbe  best  illustra- 
tions of  plant  carefully  worked 
out  in  every  detail  in  the  ligbl 
of  expenence  in  the  field. 

The  pack  station  is  a  05 
kilowatt  size.  The  wbole  of 
tbe  appliances  are  carried  on 
four  horses,  each  horse  being 
loaded  with  about  200  lbs. 
weight  (=  115  kgrms.),  165  lbs. 
being  plant  and  40  lbs.  saddle. 
Each  load  is  divided  equally 
into  two  parts  to  be  carried  on 
either  side  of  the  saddle.  The 
personnel  consists  of  6  men  or 
2  as  a  minimum.  The  earth 
connection  is  made  of  several 
sheets  of  copper  gauze  laid  on 
tbe  earth,  and  kept  flat  by  a 
few  stones  laid  on  them,  and 
if  need  be  kept  wet  by  a  few 
buckets  of  wat«r. 

The  generating  set  consists 
of  a  3  H.P.  two-cylinder  petrol 
engine  air  cooled,  which  Ib 
permanently  attached  to  one 
side  of  a  saddle,  the  other 
side  carrying  a  ^  kilowatt  aeU- 
esciting  alternator  (see  Pigs. 
33  and  34).  If  tbe  saddle  is 
lifted  off  the  horse  and  placed 
on  the  ground,  the  engine  and 
alternator  can  be  connected 
across  by  a  shaft,  and  the 
generating  plant  is  then  com- 
plete. Tbe  alternator  carries 
on  the  outer  end  of  its  shaft  a 
rimless  wheel  consisting  of 
spokes  set  in  a  hub.  This  is 
the  revolving  spark  discharger.  It  is  contained  in  a  light  alu- 
minium case  which  is  ventilated  by  a  fan  blower,    Tbe  whole  of_tlie 
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receiving  and  transmitting  applianoes  comprising  jigger  or  oscil- 
lation, transformer,  tubular  Leyden  jars  or  condenser  aerial  tuning 
inductances,  step-up  transformer  and  sending  key,  and  also  the  com- 
plete receiving  apparaiius,  are  contained  in  two  boxes  carried  on  a 
second  horse.  These  need  only  to  be  placed  one  above  the  other  and 
coupled  by  flexible  leads  to  the  alternator  aerial,  and  to  the  earth  plate 


[By  permisHon  of  The  WireUu  Prtu,  Ltd. 

Fig.  35.— Scheme  of  Connections  of  Marconi  Pack  Set  of  Wireless  Apparatus. 

D,  High-speed  Rotating  Discharger.    C,  Tubular  Condensers.    J,  Jigger 

or  Oscillation  Transformer. 

to  set  up  the  complete  station.  The  other  two  horses  carry  the  aerial 
wire  supports  and  insulator,  and  the  two  30-feet  steel  masts  divided 
into  four  loads,  two  for  each  horse. 

Fig.  35  shows  the  scheme  of  connections  of  the  whole  of  the  re- 
ceiving and  transmitting  plant.  The  detector  used  is  a  crystal 
(carborundum),  and  a  pair  are  moimted  with  two-way  switch  in  the 
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receiver.    A  p&ir  of  head  high  reBietance  telephones  are  employed  to 

The  wave  lengths  used  are  either  500,  600  or  700  metres,  and  by 
means  of  Buitable  subdiTisions  of  the  inductances  aoid  condensers  the 
tone  can  he  changed  at  pleasure  iDstantly. 

The  same  size  of  apparatus  0'5  kiloTratt  can  be  mouoted  up  in  a 
pur  of  light  carts  connected  like  a  gun  and  its  limber,  arranged  for 
traction  by  horse  or  man  power. 

This  case  the  petrol  engine  alternator  and  discharger  are  moonted 
up  on  one  base  which  is  carried  with  the  masts  on  the  rear  cart  whilst 
the  apparatus  boxes  ride  on  the  other. 


[Syparmiuimqfna  Wlr^tra  Prta,  LU. 
Fto.  36.— Holt  Eilowatt-MaFooni  Wirelau  Pock  Set  with  Undool  Spark  Tnni- 
mitter,  ehowiug  the  Alternator  and  En^e  on  the  Swidle  and  the  reet  of 
(he  appliaacea  in  the  Cabinet. 

For  stationaiy  work  the  whole  sending  and  receiving  appantns 
can  be  arranged  in  a  cabinet,  aa  in  Fig.  36. 

The  larger  set  called  a  Ijr-kilowatt  set  is  mounted  up  in  carts  or  on 
a  motor-car. 

The  range  is  150  miles  over  normally  flat  country. 

The  station  is  carried  on  two  carriages  of  the  limber  and  waggon 
type  drawn  by  four  horses. 

The  personm'l  consists  of  8  men,  though  it  can  be  worked  by  3. 
The  station  can  be  erected  and  in  use  within  20  minutes  of  hailing. 
The  masts  are  sectional,  70  feet  in  height  and  two  in  number.  Thev 
support  a  horizontal  antenna  of  T-shape. 

The  generating  set  cooBists  of  a  two-cyhnder  8-H.P.  petrol  engine 
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air  cooled,  which  is  coupled  direct  to  a  l^kilowatt  self-exciting  alter- 
nator. The  shaft  of  the  alternator  also  carries  the  revolving  disc  dis- 
charger as  in  the  case  of  the  small  sets.  The  wave  lengths  available 
are  from  700  to  1300  metres.  The  total  weight  of  the  station  is  about 
60  cwts.  or  3  tons.  This  is  divided  between  two  double  carts.  The 
limber  of  the  first  carriage  carries  the  generating  set.    Complete 
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[By  permiuion  of  MareowCs  WireUit  Telegraph  Company,  Ltd, 

Fia.  87. — Gonneotions  of  i  the  1'5  kilowatt  Marconi  Military  Cart  Set  of 

Wireless  Apparatas. 

with  necessary  oil  tanks,  switchboards,  and  connections.  The  waggon 
carries  the  whole  of  the  transmitting  and  receiving  apparatus  fixed 
and  ready  in  two  boxes.  The  limber  of  the  second  carriage  carries 
spare  oil  tanks  and  tools,  and  the  waggon  carries  the  masts,  derricks, 
and  aerials,  and  gear. 

The  alternator  is  a   12-pole  self-exciting  alternator,   giving  an 

3  D 
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output  of  12*5  amperes  at  175  volts,  and  the  exciter  part  furnishes  a 
direct  current  of  4  amperes  at  20  volts,  which  is  also  used  for  charg- 
ing the  accumulator,  used  for  lighting  the  carriage  lamps  and  igniting 
the  filament  of  the  Fleming  valve  glow  lamp  used  as  a  detector  in 
the  receiver  circuit. 

The  alternator  voltage  is  raised  hy  an  iron  core  transformer  to 
about  20,000  volts.  The  condenser  consists  of  a  number  of  Leyden 
jars  having  coatings  of  electrically  deposited  copper.  The  discharger 
consists  of  a  disc  of  ebonite  mounted  on  the  end  of  the  alternator 
shaft.  This  disc  is  embraced  by  a  metal  ring  which  carries  spokes 
projecting  from  it.  These  spokes  make  grazing  contact  with  two 
fixed  electrodes  which  are  so  set  that  the  discharge  happens  at  the 
instant  when  the  E.M.F.  of  the  alternator  comes  to  a  maximum 
value  in  its  phase. 

The  detector  used  in  the  receiver  may  be  either  a  Fleming  glow 
lamp  valve  or  a  crystal  detector  at  pleasure. 

The  circuit  between  the  aerial  tuning  inductance  and  the  earth  is 
interrupted  by  a  small  spark  gap.  When  the  aerial  is  used  for  trans- 
mitting, this  gap  is  at  once  bridged  by  a  conducting  spark. 

The  signalling  key  has  a  back  contact  which  when  raised  to  send 
a  signal  interrupts  the  receiving  circuit.  Hence  on  depressing  the 
signalling  key  which  is  in  the  primary  circuit  of  the  step-up  trans- 
former, the  receiver  circuits  are  automatically  cut  out.  If,  however, 
the  key  is  not  depressed  then  the  receiver  is  in  connection  to  receiva 
The  whole  of  the  receiving  and  transmitting  apparatus  is  permanently 
fixed  in  the  carts,  so  that  all  that  has  to  be  done  in  the  field  is  to 
start  the  engine,  connect  up  by  flexible  conductors  the  alternator, 
transmitter  circuits,  and  aerial  and  earth,  and  also  connect  in  the 
receiving  circuits.  The  connections  will  be  understood  from  the 
diagram  in  Fig.  37,  and  the  appearance  of  the  engine  and  instrument 
carts  from  Figs.  38  and  39. 

A  similar  set  is  mounted  up  in  a  motor-car,  the  only  difference 
being  that  the  engine  driving  the  car  is  also  used  when  the  car  is 
standing  still  to  drive  the  1^  K.W.  alternator  which  is  fixed  on  the 
chasis  in  a  convenient  position. 

The  masts  in  this  case  are  carried  on  the  roof  of  the  car  or  on  a 
separate  trailer.  They  are  made  in  sections,  formed  of  steel  tubes 
which  fit  together  like  a  fishing-rod.  The  mast  is  erected  by  using 
spare  sections  as  a  derrick,  in  the  manner  shown  in  Fig.  31. 

The  aerial  wires  consist  of  a  pair  of  stranded  bronze  wire  cables. 

6.  Application  of  Radioteletfraphv  to  Aeroplanes  and 
Dirigible  Balloons. — In  the  case  of  large  dirigible  balloons  there  is 
no  difficulty  in  carrying  fairly  high-power  wireless  plant  The  pro- 
peller engines  can  be  employed  to  drive  a  self-exciting  alternator, 
and  the  type  of  plant  above  described  for  use  in  military  work  can 
also  be  carried. 

The  aerial  wire  can  be  a  pendant  wire  let  down  from  the  car,  and 
some  Insulated  mass  of  metal  or  coil  of  wire  can  be  utilized  as  an 
'*  earth  "  plate  or  balancing  capacity.  The  chief  difficulty  arises 
from  the  additional  weight  to  be  carried,  which  even  for  the  05 
kilowatt  plant  is  nearly  800  lbs. 

A  source  of  danger  arises  from  the  possibility  of  sparks  igniting 
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the  gas  in  the  balloon.  However  well  the  spark  gap  may  be  en- 
closed, it  is  always  possible  to  draw  high-freqaency  sparks  from  any 
piece  of  metal  near  the  oscillator.  Nevertheless,  with  care  in  the 
arrangement  of  the  apparatus  this  danger  can  be  reduced  to  a 
minimum.  Plant  sufliciently  powerful  for  the  communication  over 
50  to  100  miles  can  be  carried,  and  has  been  used  for  communication 
with  HxBd  land  stations.  In  the  case  of  aeroplanes  there  is  mnch 
more  difficulty. 

Here  every  ounce  of  weight  tells.     Induction  coils,  jiggers,  and 
other  parts  can,  however,  be  constructed  with  aluminium  wire,  and  a 


FlQ.  40.— 40-Watt  Aircraft  Transmitter  made  by  MaiooD i 'a  Wirelass  Telegraph 
Company.  Tba  hox  cODtainti  the  coil,  spark  gap,  condenser  and  jigger,  and 
(be  Rending  key  is  in  (bo  enclosed  round  box  on  the  right  band  of  the 

special  form  of  high-tension  dynamo  can  be  carried  to  supply  the 
current. 

As  regards  the  aerial  wire,  it  is  usual  to  employ  an  aerial  wiie 
floating  or  trailing  in  the  air  behind  the  machine ;  but  it  is  necessary 
to  be  able  to  mnd  up  the  wire  on  a  reel,  or  it  may  get  entangled  with 
the  propeller  or  with  trees  and  cause  an  accident.  An  alternative 
method  is  to  support  the  aerial  wire  above  the  planes  by  very  light 
stiff  spritB.  There  is  difficulty,  however,  in  securing  a  oonnter- 
poiso  or  balancing  capacity ;  hence  in  some  cases  a  double  wire  or 
Hertzian  radiator  has  htsen  tried  with  Jigger  inserted  at  the  centre. 
(See  Mr.  Thome  Baker  on  "  Wireless  Tel^raphy  from  Aeroplanes," 
The  Eledrkian,  vol.  66,  p.  902.  1911.) 
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Many  difTerent  forme  of  apparatus  have  beeo  doBtgned  vith 
a  view  to  special  lightness.  Portable  stations  are  made  by  the 
MarcoDi  GompaQy  weighing  30  Iba.,  having  a  power  of  40  watts  and 
a  radius  of  action  of  about  15-20  miles.  More  powerful  sets  weigh- 
ing 62  lbs.,  having  a  power  of  360-500  watts,  have  a  radius  of 
60-60  miles.  In  the  small  40-100  watt  sets  the  power  is  derived 
from  an  8  or  16  Vost  storage  battery  coupled  with  an  induction  coil. 
Id   the  350-500  watt  sets  the  source  of  power  is  a  self-exoiting 


IBf  ptrmitiltn  a/ Till  WinUii  rrrii.  Ltd, 
Fia.  41.— 360-Watt  Aircrstt  TnmBmittet  mnde  by  Marconi's  WirelesB  Telegraph 
Gom^ny.     The  boi  on  the  left  hand  of  the  picture  contaiiiB  the  coadeDser 
and  liggtt.     The  Blternator  and  rotary  disc  discharger  Is  in  the  centre,  and 
(he  encloBed  Bending  Icej  on  the  right  band  of  the  picture. 

alternator  which  is  driven  by  a  belt  from  the  propeller  engine.  The 
alternator  shaft  has  on  it  a  rotating  disc  discharger.  In  both  cases 
the  key  is  an  enclosed  key  to  prevent  any  possLbility  of  a  spark 
igniting  petrol  vapour.  This  key  is  fixed  near  the  pilot's  or  ob- 
server's seat.  In  Figs.  40  and  41  the  external  view  of  these  Marconi 
aircraft  sets  of  apparatus  are  depicted.  Some  difficulty  is  found  in 
receiving  signals  owing  to  the  noise  of  the  engine  drowning  out  the 
faint  sounds  heard  in  the  telephone.     This  can  partly  be  overcome 
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by  using  a  pair  of  telephones,  one  over  each  ear,  and  a  thick  pad 
as  well  to  keep  out  sounds. 

It  would  be  a  great  advantage  to  have  some  simple  form  of 
receiver  which  gave  a  visible  signal,  as  for  instance  illuminating  a 
small  lamp,  in  place  of  a  telephonic  sound ;  but  invention  has  not 
yet  provided  a  sufficiently  simple  and  light  relay  for  working  a 
printer.  There  is  room  for  much  ingenuity  in  meeting  these  special 
requirements  in  aeroplane  radiotelegraphy. 

7.  PreTention  of  Interference. — Eadiotelegraphic  intercourse 
between  stations  is  subject  to  interference  from  three  causes.  First, 
the  signals  being  exchanged  between  other  pairs  of  stations  may  be 
picked  up  imintentionally,  that  is  to  say,  they  may  force  themselves 
undesired  upon  receivers  of  the  station  in  question.  Secondly,  stray 
waves,  due  to  natural  atmospheric  discharges,  may  in  the  same  way 
create  false  signals  and  confuse  a  message.  Thirdly,  there  may  be 
deliberate  attempts  to  drown  out  or  ''  jam  "  the  signals  of  a  certain 
receiving  or  transmitting  station.  All  these  disturbing  effects  can  be 
more  or  less  multiplied  by  appropriate  means,  and  a  good  deal  of  the 
art  of  radiotelegraphy  consists  in  the  operators  getting  round  these 
difficulties,  aided  by  suitable  appliances. 

In  the  early  days  of  radiotelegraphy  it  was  commonly  thought 
that  stations  could  be  rendered  immune  from  disturbance  by  merely 
tuning  the  receiver  to  the  special  wave  length  sent  out  by  the 
transmitter. 

If  the  transmitter  sends  out  feebly  damped  or  undamped  waves, 
and  if  their  amplitude  is  not  too  large,  then  it  is  possible  to  arrange 
receiving  circuits  of  small  decrement  or  damping,  which  will  be 
responsive  to  these  emitted  waves  if  the  receiver  is  exactly  tuned  to 
them,  but  will  not  respond  if  the  natural  frequency  of  the  receiving 
circuit  is  altered  by  as  little  as  one-half  of  one  per  cent. 

On  the  other  hand,  if  powerful  or  very  strongly  damped  waves 
fall  upon  this  receiver  they  will  act  like  an  impact  excitation,  that  is, 
they  will  give  a  blow  to  the  receiving  circuit  and  set  it  in  oscillation 
with  its  own  natural  frequency.  Hence  it  follows  that  no  simple 
tuning  can  exclude  the  effects  of  such  strong  highly  damped 
waves. 

The  great  enemies  of  the  wireless  telegraphist  are  the  natural 
atmospheric  electric  discharges  called  strays  or  X's.  These  are 
highly  damped  vagrant  electric  waves  sent  out  from  some  region, 
originating  perhaps  in  storms,  and  they  cause  disturbances  or  false 
signals  in  receivers. 

One  of  the  practical  problems  of  wireless  telegraphy  is  therefore 
to  prevent  these  strays  from  making  audible  or  visual  signals  in  the 
telephone  or  other  receiver  used. 

This  problem  has  exercised  the  ingenuity  of  many  inventors. 
One  solution  of  it  has  been  proposed  by  E.  A.  Fessenden,  applicable 
when  a  telephone  is  used  as  a  signal  receiver.  This  arrangement, 
which  he  calls  an  Interference  Preventer,  is  as  follows  : — 

Suppose  that  we  couple  to  any  antenna  by  suitable  oscillation 
transformers  three  receiving  sets,  each  comprising  a  closed  condenser 
of  variable  capacity,  an  inductive  circuit,  and,  say,  crystal  detector, 
shunted  across  the  adjustable  condenser.    Then  a  magneto-telephone 
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receiver  is  provided,  having  four  coils  on  its  magnet,  which  may  be 
called  Co,  Cq,  C^,  C2. 

The  coils  Cq,  Cq  are  connected  to  one  receiver,  and  the  coils  C^ 
and  G2  to  the  other  two,  the  connections  being  such  that  the  currents 
in  Co  and  Cq  respectively  oppose  those  in  the  coils  G^  and  C2  on  the 
telephone  magnet.  Now  let  the  receiver  to  which  the  coils  Cq  and  Gq 
are  connected  be  tuned  to  the  frequency  of  the  wave  it  is  desired  to 
receive,  and  the  receivers  to  which  C^  and  C2  are  connected  be  tuned 
respectively  to  slightly  longer  and  slightly  shorter  waves.  Then 
suppose  feebly  damped  waves  of  exactly  the  right  frequency  fall  on 
the  antenna.  They  create  oscillations  only  in  the  receiver  to  which 
the  telephone  coils  Cq  and  Cq  are  attached,  and  hence  the  observer 
hears  the  signals.  If,  however,  a  powerful  strongly  damped  wave 
falls  on  the  antenna  it  creates  by  impact  excitation  the  free  natural 
oscillations  of  all  the  three  receivers  to  which  the  coils  Cq,  C^,  and  C2 
are  attached.  But  the  current  in  C^  opposes  that  in  one  coil  Cq,  and 
the  current  in  C2  opposes  that  in  the  other  coil  Cq,  and  hence  the 
resultant  effect  on  the  telephone  is  small.  In  other  words,  not  much 
sound  is  produced,  or  the  stray  wave  does  not  much  affect  the 
telephone.^ 

It  is  easily  seen  that  there  are  various  ways  in  which  the  principle 
which  underlies  the  above  described  method  can  be  put  into  practice. 
If  we  couple  two  receiving  sets  inductively  to  the  same  antenna 
and  tune  one  of  them  exactly  to  the  free  period  of  oscillation  of 
the  antenna  and  put  the  other  slightly  out  of  tune,  then  it  follows 
that  a  feebly  damped  and  feeble  wave  of  exactly  the  antenna 
frequency  will  affect  only  the  co-tuned  closed  and  coupled  receiving 
circuit.  If,  however,  strongly  damped  waves  fall  on  the  antenna 
they  will  set  up  by  impact  oscillations  in  both  receivers,  these  being 
of  slightly  different  frequencies.  If  then  we  can  arrange  that  the 
signal  detecting  instrument,  say  the  telephone,  shall  be  affected  by 
the  difference  of  these  resultant  currents  then  we  have  a  system 
sensitive  to  feeble  but  not  to  violent  waves. 

Another  method  which  has  been  applied  by  Senatore  Marconi  and 
the  engineers  of  the  Marconi  Company  in  the  prevention  of  inter- 
ference or  the  elimination  of  atmospherics  depends  on  the  form  of 
the  characteristic  curve  and  on  the  properties  of  a  certain  class  of 
oscillation  detector  such  as  the  Fleming  oscillation  valve  or  the 
crystal  detector. 

It  has  already  been  explained  (see  Chap.  VI.)  that  a  crystal  of 
carborundum  has  an  asymmetric  conductivity.  The  characteristic 
curve  (see  Fig.  37,  Chap.  VI.)  shows  that  for  extremely  small  voltages 
appliea  in  either  direction  the  crystal  has  a  very  high  resistance 
and  passes  very  little  current.  Under  larger  electromotive  forces 
of  1  or  2  volts  the  crystal  conducts  much  better  in  one  direction 
than  the  other. 

Again,  it  has  been  explained  that  if  we  apply  to  the  crystal 
a  steady  voltage  in  the  direction  in  which  it  conducts  best,  of  such 
magnitude   as   to   correspond  to  a  point  of    change    of   curvature 

*  See  TJie  Electrician,  vol.  61,  p.  221,  1908.  Also  Science  Abstracts,  vol.  11  B, 
abs.  198.  Also  B.  A.  Fessenden,  British  Patent  Bpecifioation,  No.  4709,  of  1907, 
Fig.  2. 
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or  sharp  bend  in  the  characteristio  curve,  then  the  superposition 
of  a  small  alternating  E.M.F.  will  make  a  change  in  the  mean  value 
of  the  current,  but  not  if  we  work  at  a  part  of  the  characteristie 
curve  which  is  nearly  flat. ' 

Hence,  by  means  of  a  rectifying  crystal  associated  with  an  adjjost- 
able  potentiometer  and  battery  we  can  detect  feeble  electric  oscillations 
which  might  not  be  detectable  by  the  aid  of  the  rectifying  power  of 
the  crystal  alone. 

Suppose,  then,  that  we  arrange  as  shunts  across  the  terminals 
of  the  condenser  of  a  receiving  circuit  two  crystals  each  provided 


[By  permUiion  itf  TKe\WireUn  Press,  Ltd. 

FiQ.  42. — Connections  of  the  Marconi  Balanced  Crystal  Receiver  Set.  The  clips 
holding  the  two  crystals  in  opposition  are  seen  at  the  top  of  the  diagram  and 
the  telephone  in  series  with  them  ib  at  the  bottom. 

with  means  for  applying  a  boosting  voltage  by  the  aid  of  a  battery 
and  potentiometer,  but  place  the  crystals  in  opposite  directions  so 
that  one  conducts  best  in  one  direction  and  the  other  in  the  other, 
and  let  them  be  both  also  in  series  v^th  a  coil  to  which  a  telephone 
is  inductively  coupled  (see  Fig.  42). 

Next,  suppose  that  in  the  case  of  one  crystal  we  apply  little  or  no 
boosting  voltage,  but  in  the  case  of  the  other  crystal  just  the  right 
voltage  to  give  the  loudest  signals. 

Then  we  have  an  arrangement  called  by  the  Marconi  Company  a 
balanced  crystal  receiver.     The  operation  is  as  follows:   If  feebly 
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Fia.  48. — Marconi  Receiving  Girooit  with  Balanced  Fleming  Oscillation  Valyes 
arranged  to  be  immune  from  Atmospheric  Distorbanoes. 


Fio.  44.  -  Marconi  Receiving  Circuit  arranged  to  be  immune  from  Atmospheric 

Disturbances. 
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damped  wavee  of  the  right  freqaency  fall  on  the  receiver,  then  if 
they  are  not  too  strong,  only  one  detector  responds,  viz.  the  crystal 
having  applied  to  it  a  boosting  voltage.  For  the  E.M.F.  produced  in 
the  receiving  circuits  by  the  message  bearing  signals  is  small,  and  it 
is  therefore  possible  to  arrange  the  two  crystals  so  that  for  small 
fi.M.F.  one  rectifies  and  the  other  does  not.  If,  however,  a  violent 
impulse  is  given  to  the  receiver,  then  both  crystals  rectify  because  we 
are  then  working  higher  up  on  the  characteristic.  But  the  crystals 
rectify  in  opposite  directions,  which  is  equivalent  to  removing  them 


both  altogether.  Accordingly  such'  a  receiving  set  may  be  made 
sensitive  to  the  gentle  feebly  damped  oscillations  set  up  by  the 
message  signals,  but  violent  atmospherics  do  not  produce  much 
sound  in  the  associated  telephone.  A  very  similar  arrangement  has 
been  devised  by  Mr.  Marconi,  described  in  a  British  Patent  Specifi- 
cation No.  4125  of  1909,  and  also  in  a  Specification  by  Mr.  H.  J. 
Bound,  No.  20441  of  1910,  in  which  two  Fleming  oscillation  valves 
are  employed  instead  of  two  crystals. 

The  arrangement  of  circuits  in  this  duplex  Fleming  valve  receiver 
will  be  understood  from  the  diagrams  in  Figs.  43,  44  and  45.  These 
give  the  theoretical  scheme  of  connections  for  a  duplex  or  balanced 
Fleming  valve  receiver  and    the  actual  connections   for  the  same, 
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which  are  rather  more  complicated,  and  which  are  employed  by  the 
Marconi  Company. 

8.  The  Efficiency  of  Radiotelegraphic  Stations.— There  are 
several  points  of  view  from  which  we  may  regard  the  performance  of 
radiotelegraphic  stations.  We  may  in  the  first  place  consider  merely 
the  success  of  their  operations  regardless  of  questions  of  cost.  The 
fact  of  being  able  to  communicate  between  two  places  without  any 
interconnecting  wire  is  in  itself  an  interesting  and  important  feat,  but 
when  once  it  is  done,  we  next  ask  whether  the  process  can  be  con- 
tinued with  such  regularity  as  to  enable  it  to  take  its  place  amongst 
commercial  means  of  communication.  We  may  call  this  the  attain- 
ment of  efficiency  of  performance.  Later  on  we  may  proceed  to  ask 
how  far  the  process  can  be  conducted  in  competition  with  other 
methods  as  regards  cost,  and  this  leads  to  the  consideration  of  the 
energy  expenditure,  depreciation  of  plant,  and  cost  of  labour  involved. 
The  great  obstacles  which  have  interfered  with  efficiency  of  perform- 
ance are  the  difficulties  connected  vrith  the  isolation  of  stations  and 
atmospheric  electrical  disturbances ;  in  other  words,  making  the 
receiver  immune  from  disturbance  by  electric  waves  due  to  natural 
electric  discharges,  or  the  operation  of  stations  other  than  the  one 
from  which  it  is  desired  to  receive  signals.  We  have  considered 
already  the  means  so  far  adopted  for  the  solution  of  this  problem. 
Whilst  it  cannot  be  said  that  the  difficulties  are  completely  overcome, 
yet  they  are  so  far  under  control  that  radiotelegraphy  has  taken  its 
place  as  an  indispensable  means  of  communication,  especially  over 
sea  and  between  ships.  Aided  aldo  by  the  rules  of  the  Convention 
and  by  national  legislation,  unnecessary  disturbance  of  the  sBther  is  as 
far  as  possible  prevented,  and  we  may  say  that  whilst  the  efficiency 
of  performance  of  radiotelegraphic  stations  is  not  yet  ideal  in  its  per- 
fection, it  is  well  within  those  limits  necessary  for  practically  useful 
and  for  commercial  work. 

Accordingly,  questions  of  cost  or  energy  efficiency  have  next  to 
be  considered.  At  the  outset  one  of  the  objections  raised  against 
radiotelegraphy,  especially  long  distance,  was  the  expenditure  of 
energy  needed  for  its  operations  as  compared  with  that  involved  in 
telegraphy  "with  wires.  This,  however,  is  merely  part  of  a  larger 
question.  The  cost  of  any  undertaking  in  which  scientific  plant  is 
utilized  for  commercial  purposes  may  be  properly  divided  into  three 
parts :  (1)  The  interest  on  the  capital  outlay  necessary  to  establish 
the  plant  and  appliances ;  (2)  the  cost  of  working  it  and  conducting 
its  operations;  and  (3)  the  allowance  for  depreciation  or  anti- 
qnation  of  plant,  and  for  renewals  and  repairs.  From  a  commercial 
or  business  point  of  view,  it  is  the  total  cost  under  all  three  of  the 
above  headings  which  matters,  and  not  merely  one  of  them  taken 
alone. 

In  the  case  of  submarine  cables  the  most  important  items  are  the 
capital  outlay  and  the  cost  of  repairs  and  renewals.  The  capital  out- 
lay on  a  deep-sea  submarine  cable  averages  about  £200  per  mile  or 
more  in  initial  cost,  and  repairs  are  frequently  very  expensive.  A 
single  repair  has  been  known  to  cost  even  £70,000.  On  the  other 
hand,  the  energy  expenditure  and  actual  cost  of  working  is  small. 
Nevertheless,  the  whole  cost  of   submarine  cable-working  and  the 
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charges  which  must  be  made  for  messages  if  the  undertaking  is  to  be 
commercial  depend  upon  all  the  costs  taken  together. 

On  the  other  hand,  in  the  case  of  radiotelegraphy,  the  capital  out- 
lay on  plant  or  apparatus  is  relatively  to  the  cost  of  cables  very  small. 
Also  the  cost  of  repairs  is  not  large,  assuming  the  absence  of  excep- 
tional events,  such  as  fires  or  earthquakes,  which  may  destroy  a  large 
station  entirely.  Hence  the  fact  that  there  is  a  larger  expenditure  of 
energy  in  sending  any  given  message  radiotelegraphically  compared 
with  that  by  cable  is  only  a  limited  aspect  of  the  case,  and  does  not 
imply  that  the  total  cost  is  any  more.  There  is  abundant  evidence 
to  show  that  on  the  whole  it  is  much  less.  Nevertheless,  the  question 
of  the  sources  of  energy  loss  in  case  of  radiotelegraphic  apparatus 
is  very  important.  Sufficient  data  have  been  gathered  to  show  that 
the  actual  expenditure  of  energy  in  true  SBther  wave- making  is  com- 
paratively small,  and  that  in  radiotelegraphic  transmitters,  as  at 
present  constructed,  the  internal  energy  dissipation  is  very  consider- 
able. There  is,  therefore,  great  room  for  improvement  in  this  respect. 
It  is  important,  therefore,  to  ascertain  the  sources  of  this  loss,  and  to 
improve  the  energy  efficiency  of  transmitters.  Taking  the  case  of 
the  ordinary  spark-transmitter,  we  have  first  the  internal  losses  in 
the  alternator,  or  rotary  transformer.  Since  the  power  factor  of  the 
transmitter  plant  is  small,  these  internal  losses  in  the  alternator  may 
be  consideraole  unless  the  machine  is  designed  specially  for  working 
on  a  low-power  factor  circuit. 

In  the  next  place  energy  losses  are  incurred  in  the  step-up  trans- 
formers, but  these  can  be  minimized  by  careful  design.  In  the 
oscillatory  circuit  we  have  these  energy  losses  in  the  condensers,  and 
resistance  losses  in  the  inductance  and  in  the  spark.  The  condenser 
losses  are  by  no  means  insignificant  if  glass  condensers  are  used,  and 
hence  air  condensers  are  preferable  when  space  permits. 

A  serious  source  of  loss  is  generally  the  bad  design  of  the  induct- 
ance and  connecting  circuits.  These  may  be  kept  down,  however,  by 
a  proper  stranding  of  the  conductors — making  them  of  plaited  silk- 
covered  No.  40  H.C.  copper  wire,  and  avoiding  the  \ise  of  thick 
copper  strip  or  coarsely  stranded  cables. 

The  energy  losses  in  the  spark  are  imavoidable,  but  are,  no  doubt, 
much  diminished  by  the  employment  of  quenched  sparks  instead 
of  long  single  persistent  sparks. 

The  power  given  to  the  step-up  or  charging  transformer  can  be 
measured  by  a  wattmeter  in  the  usual  way,  and  the  internal  losses 
in  this  transformer,  viz.  the  iron  core  and  copper  or  resistance  losses, 
also  determined  for  various  values  of  the  current  supplied.  Hence 
we  can  find  by  difference  the  power  supplied  to  the  oscillatory 
circuit. 

By  the  measurement  of  the  decrement  of  this  circuit  we  can 
ascertain,  as  already  mentioned,  the  resistance  losses,  including 
those  in  the  condenser  and  spark.  Hence  by  difference  again  we 
can  ascertain  the  power  given  to  the  antenna,  and  if  the  high 
frequency  resistance  of  the  antenna  is  ascertained  we  can  finally 
ascertain  the  power  expended  in  radiation  after  deducting  the  resist- 
ance losses  due  to  the  earth  connection,  if  any. 

The  reader  may  be  referred  for  some  efficiency  measurements 
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of  the  above  kind  or  on  small  spark  transmitter  apparatus  to  a  paper 
read  by  the  author  before  the  Institution  of  Electncal  Engineers  of 
London  in  November,  1909,  "  On  some  Quantitative  Measurements 
in  Conneotion  with  Eadiotelegraphy,"  and  to  one  read  at  the  same 
date  by  Dr.  Eccles  and  Mr.  Makower,  "  On  the  Efficiency  of  Short- 
spark  Methods  of  generating  Electrical  Oscillations."  ^  In  the  first 
paper  it  is  shown  that  for  the  spark  transmitter  used  the  power 
expended  in  making  electric  waves  was  rather  less  than  10  per  cent, 
of  that  given  to  the  charging  transformer,  and  in  the  latter  paper  it  is 
shown  that  in  the  case  of  a  discharger  of  the  Von  Lepel  type  the 
fraction  of  the  power  given  to  the  discharger  which  appeared  as 
oscillations  in  the  antenna  did  not  much  exceed  14  per  cent. 

The  above  measurements  were,  however,  made  with  experimental 
plant  not  by  any  means  as  perfect  as  possible.  Taking  ordinary 
ship  or  coast  or  radiotelegraphic  plant  of  1^  to  5  E.W.  capacity,  we 
may  say  that  in  those  cases  in  which  a  spark  discharge  between 
fixed  surfaces  is  employed,  and  no  special  pains  taken  to  quench  it, 
the  ratio  of  the  totsJ  power  given  to  the  antenna  to  the  total  power 
given  to  the  charging  or  step-up  low  frequency  transformer  will 
not  exceed  10  to  15  per  cent.  On  the  other  hand,  an  air  blast 
on  the  spark  v^ll  increase  it  to  perhaps  20  per  cent.  If  quenched 
spark  or  high  speed  rotating  discharges  are  employed  the  efficiency 
may  rise  to  50  per  cent.<^  In  the  case  of  the  arc  transmitter 
there  is  a  much  less  economical  transformation,  not  more  than 
25  per  cent,  of  the  energy  supplied  being  transformed  into  energy  of 
antenna  oscillations.  Any  accurate  statement  of  the  efficiency  of  a 
radiotelegraphic  plant  should  be  presented  in  the  form  of  an  energy 
balance  sheet  showing  the  power  credited  in  watts  to  the  whole 
appliance,  and  on  the  other  side  of  the  accounts  the  manner  in  which 
this  is  expended  in  the  various  stages  of  transformation.  The  author 
was  the  first  to  give  such  an  energy  balance  sheet  for  a  radiotele- 
graphic transmitter.7 

The  power  for  this  plant  was  suppUed  by  a  small  1^  K.W.  rotary 
converter  taking  direct  current  from  public  supply  mams  and  con- 
verting it  to  alternating  current  having  frequency  of  100. 

Tlus  alternating  current  passed  through  certain  choking  coils  to 
a  small  A.C.  static  transformer  which  raised  the  voltage  to  20,000 
volts.  This  was  employed  to  charge  glass  plate  condensers  which 
were  discharged  through  the  primary  circuit  of  a  jigger  and  across  a 
static  spark  gap  with  air  blast.  The  secondary  of  the  jigger  was 
inserted  in  the  circuit  of  an  antenna  which  had  the  usual  tuning 
coils  in  series  and  an  earth  connection.  The  currents  both  in  the 
condenser  circuit  and  on  the  antenna  near  its  base  were  measured 
by  Fleming  hot-wire  ammeters  made  as  described  in  §  11,  Chap.  II. 
The  decrement  of  the  closed  circuit  was  measured  with  the  cymo- 
meter and  also  that  of  the  oscillations  in  the  antenna  by  means  of 
the  Bjerknes  method  as  described  in  §  13,  Chap.  III. 

*  See  Journal  of  the  Institution  of  Electrical  Engineers,  vol.  44,  1910,  pp.  844 
and  887. 

•  See  Dr.  W.  H.  Eooles,  The  Electrician,  vol.  70,  p.  622,  1912. 

'  See  J.  A.  Fleming,  *'Some  Quantitative  Measurements  in  Connection  with 
Badiotelegraphy,"  Journal  Institution  of  Electrical  Engineers,  vol.  44,  p.  388, 1911. 
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The  energy  supplied  to  the  condenser  by  the  charging  transformer 
is  dissipated  in  several  ways — 

(i.)  As  heat  in  the  spark  in  the  primary  circuit ; 

(ii.)  As  heat  in  the  metallic  portion  of  the  primary  condenser 

circuit ; 
(iii.)  In  the  condenser  in  dielectric  hysteresis  and  brush  discharge ; 
(iv.)  As  heat  in  the  antenna  and  antenna  circuit,  and  also  in  the 

earth  plate  and  connections  thereto ; 
[v.)  As  electric  radiation  from  the  antenna, 
^e  can  make  an  approximate  estimate  of  the  percentage  of  the 
stored  energy  which  is  radiated,  as  follows : — 

Let  us  assume  that  the  primary  condenser  has  a  capacity  G^  mfds., 
and  is  charged  to  a  voltage  Y^,  as  estimated  from  the  spark  length, 
and  is  discharged   N   times  per  scQond.     Then  the  rate  at  wlbuich 

energy  is  given  out  by  the  condenser  is  q— -y^  watts. 

Let  K\  be  the  high-frequency  resistance  of  the  primary  circuit, 
and  r  the  resistance  of  the  spark.  Then,  if  L^  is  the  inductance  of 
the  primary  circuit,  and  S^  i^^  resistance  decrement,  as  modified  by 
the  presence  of  the  secondary  or  antenna  circuit,  we  ha^e — 

E'i  +  r  =  4nLi8i (1) 

where  n  is  the  frequency.    . 

In  the  same  way,  if  82  is  ^^^  resistance  decrement  of  the  antenna 
circuit,  and  E'2  its  high-frequency  resistance,  including  in  this  any 
earth-plate  resistance,  if  an  earth  connection  is  employed,  we  have  ^ — 

K'2  =  4»L2S2 (2) 

Let  Ji  and  J2  be  the  B.M.S.  values  of  the  primary  or  condenser 
circuit  currents  and  the  antenna  current  respectively,  this  last  being 
measured  at  the  earthed  end  of  the  antenna.  We  can  always  deter- 
mine these  currents  by  the  use  of  hot-wire  ammeters  inserted  between 
the  antenna  and  earth-plate  and  in  the  condenser  circuit.  Accord- 
ingly, if  we  have  in  use  a  condenser  in  which  we  may  fairly  assume 
there  is  no  dielectric  loss,  the  difference  between  the  power  given  out 
by  the  condenser  and  that  dissipated  as  heat  must  be  the  power  W 
radiated  by  the  antenna.     Hence  the  value  of  the  expression — 

NCV2 

gives  us  the  radiation  in  watts,  provided  the  earth-plate  loss  is 
negligible. 

The  factor  ^  is  prefixed  to  the  third  term  because  the  current 
varies  up  the  aerial  in  accordance  with  a  sine  law,  and  is  J2  at  the 
earthed  end  and  zero  at  the  summit  of  the  aerial.  Hence  its  mean 
square  value  is  ^Jj^. 

The  frequency  n  is  obtained  from  a  measurement  of  the  common 
oscillation  constant  of  the  two  circuits. 

*  It  should  be  noted  that  we  are  not  here  concerned  with  the  radiation  decre- 
ment of  the  antenna. 
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The  values  of  L^  and  L2  are  obtained  when  we  know  the  oapacities 
of  the  condenser  in  the  primary  circuit  C^  and  that  of  the  aerial  G2, 
for  OiLj  =  C2L2  =  O*  when  the  circuits  are  syntonized,  O  being  the 
oscillation  constant  of  either  circuit. 

If  capacities  are  all  measured  in  microfarads,  inductances  in  centi- 
metres, currents  in  amperes,  and  potentials  in  volts,  the  above  expres- 
sion for  the  rate  of  radiation  of  energy  in  watts  is  transformed  into— 

2xl0«      60VCi^*C2/'     •     •     •    W 

The  value  of  8^  wiU  depend  upon  the  spark  gap  length  and  capacity 
G^  in  the  condenser  circuit.  The  value  of  82  ^^>  i^  general,  be  small, 
since  there  is  no  spark  gap  in  the  antenna  circuit,  unless  there  is  con- 
siderable dissipation  of  energy  by  earth-plate  resistance,  which  ought 
not  to  be  the  case.  The  exact  value  of  01  can  be  obtained  by  means 
of  a  resonance  curve,  as  already  explained.  For  if  we  allow  the  con- 
denser circuit  to  act  inductively  on  another  closed  circuit  of  known 
resistance  decrement,  83,  we  can,  by  varying  the  inductance  of  this 
last  circuit,  determine  the  sum  of  the  decrements  82  4~^  ^y  ^^^ 
resonance  curve,  and  S3  being  known,  we  thence  find  the  value  of  82. 
Thus,  for  instance,  a  primary  circuit  had  in  it  a  condenser  of  A  mfd., 
and  a  spark  gap  of  1'5  mm.,  charged  50  times  per  second.  The 
oscillation  constant  was  7*0,  and  the  current  J^  was  10  amperes. 
If,  therefore,  8^  =  0*03,  we  have  for  the  power  W,  reckoned  in  watts, 
imparted  to  the  coupled  antenna,  the  value — 

W  =  i .  j^  50 =7. =  5*5  watts 

40  oU 

From  this  would  have  to  be  deducted  the  power  loss  due  to  the 
high-frequency  resistance  of  the  antenna,  and  any  earth-plate  loss, 
and  the  balance  is  the  power  radiated. 

We  then  notice  that  we  have  several  different  definitions  of  the 
transformation  efficiency  of  such  a  coupled  transmitter.  We  may 
consider  in  the  first  place  how  much  of  the  power  given  to  the 
antenna  is  radiated  as  electric  waves,  and  how  much  is  dissipated  as 
heat  in  the  circuits.  The  ratio  of  power  radiated  to  total  power  given 
to  the  antenna  may  be  called  the  antenna  radiation  efficiency. 

Then  we  may  consider  how  much  of  the  power  given  to  the  closed 
condenser  circuit  is  handed  on  to  the  antenna  in  the  form  of  high 
frequency  oscillations.  Finally  we  may  ask  how  much  of  the  power 
given  to  the  plant  in  the  form  of  continuous  or  alternating  current  is 
radiated  as  electric  waves  from  the  antenna.  This  last  may  be  called 
the  overall  efficiency  of  the  transmitter. 

It  is  a  somewhat  difficult  matter  to  make  these  measurements  of 
efficiency  accurately  for  any  actual  transmitter.  It  can  approximately 
be  done  by  determining  the  energy  losses  in  each  part  of  the  system 
as  follows : — 

By  means  of  a  wattmeter,  correct  for  low^power  factor  values, 
we  can  ascertain  the  mean  power  in  watts  given  to  the  transformer 
or  induction  coil.  Care  must  be  taken  that  the  wattmeter  reads 
correctly  on  low-power  factors.     We  have  then   to   ascertain   how 
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this  power  is  expended.  We  oan  measure  in  the  usual  manner 
the  internal  losses  in  the  transformer  due  to  copper  resistance  and 
iron  core  loss,  and  subtracting  these,  find  the  power  given  to  the 
oscillation  circuit.  The  next  step  is  to  determine  the  mean-squate 
current  in  this  primary  oscillation  circuit,  which  can  be  done  by 
means  of  the  author's  thermoelectric  high-frequency  ammeter,  and 
also  the  primary  circuit  decrement,  which  can  be  done  by  taking 
a  resonance  curve  with  the  cymometer,  as  explained  in  Chap.  III. 
During  this  measurement  the  antenna  must  be  detached  so  that  no 
radiation  takes  place.  This  decrement  measurement  should  be  made 
for  various  values  of  the  current  in  the  primary  oscillation  circuit. 

The  inductance  of  this  circuit  must  also  then  be  measured  by  the 
cymometer  or  by  any  other  suitable  means,  and  then  from  the  primary 
decrement  S^  ^^^  inductance  L^  we  can  calculate  as  above  shown 
(see  equation  (1) )  the  power  loss  due  to  resistance.  This  measure- 
ment includes  any  loss  in  the  condenser,  because  this  loss  pro- 
portionately increases  the  decrement.  The  sum  ot  the  internal 
losses  in  the  transformer  and  that  in  the  oscillation  circuit  being 
deducted  from  the  power  supplied,  must  give  the  power  taken  up  by 
the  antenna.  The  amount  taken  up  in  antenna  resistance  and  by 
any  earth-plate  resistance  can  be  ascertained  by  making  a  measure- 
ment of  the  high-frequency  resistance  by  means  of  the  differential 
electric  thermometer  described  in  Chap.  II.  of  samples  of  the  wire 
used  to  make  the  antenna  and  oscillation  transformer  circuit  in  series 
with  it  and  any  connecting  wires. 

If  the  current  I^  in  the  antenna  circuit  is  measured  by  a  hot-wire 
ammeter  inserted  in  it  at  various  points,  we  can  calculate  the  value 
of  }i^il^  for  the  whole  antenna.  There  remains,  then,  the  earth-plate 
resistance  loss,  if  any.  In  the  case  of  ships  at  sea  this  loss  will  be 
very  small,  but  not  altogether  negligible  in  the  case  of  stations  on 
shore.  It  can,  however,  be  determined  by  substituting  for  the  earth 
plate  a  metallic  capacity  insulated  from  the  earth,  but  which  is 
sufficiently  large  to  create  the  same  mean-square  current  at  the  base 
of  the  antenna,  and  when  these  two  last  power  losses  are  deducted 
from  the  total  power  given  to  the  antenna,  the  difference  most  be 
the  power  radiated.  Such  measurements  as  have  been  made  by  this 
method  show  that  the  power  actually  expended  in  radiation  in  a 
spark  transmitter  is  always  small  compared  with  the  total  power 
given  to  it.  The  actual  percentage  wiU  vary  considerably  with  appa- 
ratus and  conditions,  but  it  is  probably  near  the  mark  to  say  that  when 
using  the  spark  transmitter  creating  damped  waves,  the  actual  power 
radiated  by  an  ordinary  inductively  coupled  antenna  is  not  more  than 
25  per  cent,  of  the  power  given  to  the  exciting  transformer,  even  if 
as  much.  For  further  information  on  this  point,  the  reader  may  be 
referred  to  a  paper  by  the  author  on  ''  Quantitative  Measurements  in 
Eadiotelegraphy,"  read  to  the  Institution  of  Electrical  Engineers  of 
London,  December  16,  1909  (see  Journal  Inst  Elect.  Eng.^  vol.  44, 
p.  344,  1910). 

Working  in  the  above  manner  on  a  small  experimental  transmitter, 
the  author  gave  in  the  above-mentioned  paper  an  energy  balance- 
sheet  for  it  as  follows  : — 
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Power  Balincb-Shevt  fob  an  Bxpebimbntal  Radiotbleosaphic 

Tbansmitteb. 


Cr.  Watts. 

By  power  given  to  rotary  trans- 
(prmer  in  form  of  direct 
currenti  12  amperes  (nearly) 
at  220  volts 2620 


2620 


Dr.  Watts. 

To  Rotary  losses 1189 

„  Line  losses 71 

„  Choker  losses 610 

I,  Transformer  losses       .     .  355 

„  Oscillation  circuit  losses  in 
condenser,  spark  gap,  and 

inductance 351 

„  Power  given  to  the  antenna 
partly  dissipated  as  heat 
m  wire  and  unknown  losses 
in  earth  plate  and  re- 
mainder radiated      ...        94 

2620 


The  rotary  converter  and  chokers  were  not  especially  made  for 
this  work,  and  hence  the  losses  in  them  were  abnormally  large.  The 
efficiencies  of  the  various  portions  of  the  plant  are  shown  in  the 
chart  on  p.  786. 

This  experimental  plant  was  in  many  respects  very  inefficient,  and 
for  a  well-designed  transmitter  on  the  spark  system,  the  overall 
efficiency  might  be  as  high  as  25  per  cent,  when  using  an  unquenched 
spark  between  stationary  balls,  and  rather  higher  for  a  quenched 
spark.  In  some  measurements  made  in  1910  Count  Yon  Arco 
claimed  40  per  cent,  efficiency  for  a  2.K.W.  Telefunken  quenched 
spark  transmitter.  (See  Elektrotechniscfie  ZeUsckrift,  Heft  20,  1910; 
also  Thp  Electrkiun,  vol.  65,  p.  357,  June  10,  1910.) 

It  would  appear,  however,  that  the  antenna  losses  due  to  true 
resistance  of  wire  are  included  in  this  efficiency. 

In  the  case  of  the  Poulsen  arc  method  of  generation  the  large 
heat-losses  in  the  arc  make  the  overall  efficiency  certainly  lower  than 
in  well-designed  spark  systems. 

The  real  difficulty  of  making  these  efficiency  measurements  is 
that  of  determining  exactly  the  antenna  radiation  resistance  apart 
from  the  high  frequency  resistance  of  the  wire  itself  and  that  of  the 
earth  plate  and  connections.  This  earth  plate  and  earth  resistance 
varies  with  the  frequency  of  the  oscillations,  that  is  with  the  wave 
length,  and  hence  any  measurements  made  with  low  frequency  or 
direct  currents  are  likely  to  be  extremely  erroneous. 

Attempts  have  been  made  to  separate  out  the  radiation  resistance 
from  the  total  resistance  of  an  antenna  by  reducing  the  height  of  the 
antenna  without  otherwise  altering  its  length  or  capacity,  and  then 
inserting  in  the  antenna  such  a  resistance  as  shall  keep  the  current 
in  it  at  its  original  value,  and  then  assuming  that  this  inserted  resist- 
ance is  the  equivalent  of  the  reduction  in  radiation  resistance. 

One  difficulty  is  that  we  do  not  know  whether  the  effect  of 
the  antenna  in  creating  signals  at  a  distant  receiver  is  wholly 
due  to  a  space  electric  wave  or  partly  due  to  a  surface  electric 
wave  travelling  through  the  crust  of  the  earth.  On  the  whole 
it  seems  safer  at  present  to  confine  our  measurement  of  energy 
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efficiency  to  determining  the  ratio  between  the  whole  power  ex- 
pended on  or  given  to  the  antenna  in  setting  up  oscillations  in  it, 
and  the  power  delivered  to  the  low-frequency  charging  transformer. 
This  last  quantity  can  be  easily  measured  by  a.  properly  constructed 
wattmeter  adapted  for  measurements  on  low-power  factor.     The 
power  delivered  to  the  antenna  can  be  determined  by  substituting  for 
the  antenna  a  closed  condenser  circuit  comprising  an  air  condenser 
and  a  very  low  resistance  inductance  adjusted  so  as  to  have  the  same 
capacity  and  time  of  oscillation  as  the  antenna,  and  also  in  series 
v^th  it  a  non-inductive    resistance    so   adjusted    that   when    the 
primary  coil  of  the  primary  condenser  circuit  is  coupled  to  this  sub- 
stitutionary secondary  circuit,  it  will  induce  in  it  oscillations  of  the 
same  frequency  and  same  B.M.S.  value  as  those  at  the  base  of  the 
actual  antenna.    This  resistance  is  then  equal  to  the  total  antenna 
resistance.     Hence  the  product  of  this  total  antenna  resistance  and 
the  mean  square  value  of  the  antenna  current  near  the  base,  gives 
the  power  expended  on  the  antenna.     The  ratio  of  this  last  power 
to  the  power  read  by  the  wattmeter  connected  in  front  of  the  low- 
frequency  charging  transformer  gives  us  the  efficiency  of  generation 
of  the  antenna  oscillations.     This  may  be  taken  as  the  measure  of 
the  effectiveness  of  design  of  the  transmitter. 

Lastly  we  may  consider  the  fraction  of  the  energy  sent  out  by  the 
,  transmitter  which  is  captured  by  the  receiver.     Some  measurements 
of  this  kind  are  recorded  in  M.  Tissot's  book,  **  i^tude  de  la  E^sonance 
des  Syst^mes  d'Antennes  dans  la  Telegraphic  sans  fils."  In  the  case 
of  a  certain  plain  antenna  50  metres  high  and  4  millimetres  in 
diameter,  on  board  a  French   battleship  Hmri  /F.,  corresponding 
with  a  similar  antenna  at  a  distance  of  1*7  kilometres,  M.  Tissot 
found  that  when  the  sending  antenna  was  charged   fifty  times   a 
second  to  a  potential  equal  to  a  5-cm.  spark  the  mean  radiation  was 
36  watts,  or  1*8  X  10^  ergs  per  spark.     At  a  distance  of  1  kilometre 
the  energy  picked  up  by  a  similar  receiving  antenna  was  320  ergs 
per  spark,  or  6400  ergs  per  second.    Hence  the  captured  energy  even 
at  thiiB  short  distance  was  only  ^  of  1  per  cent,  of  that  sent  out  from 
the  transmitter  and  a  still  smaller  fraction  of  that  given  to  the  trans- 
mitter.    M.  Tissot  notes  the  curious  fact  that  the  energy  picked  up 
by  the  receiving  antenna  is  larger  than  that  corresponding  to  its  own 
surface.     The  figures  given  will,  however,  be  sufficient  to  show  the 
exceedingly  small  fraction  of  the  power  supplied  to  the  transmitter 
which  is  represented  by  the  oscillations  set  up  in  the  receiving 
antenna  by  the  radiotelegraphic  appliances  at  present  in  use.     The 
state  of  affairs  is  analogous  to  that  of  solar  radiation.  The  earth  only 
captures  about  5  X  10~'°  of  the  energy  sent  out  from  the  sun,  and  the 
earth  and  the  sun  may  be  regarded  as  the  receiver  and  transmitter  in 
a  system  of  short  wave  wireless  telegraphy  on  a  gigantic  scale. 

0.  The  Desi^  of  a  Radiotelegraphic  Station. — The  design  of 
a  radiotelegraphic  station,  especially  for  long  distances,  calls  for 
ordinary  engineering  and  electrical  engineering  experience,  such  as 
is  applied  in  the  erection  of  an  electric  light  or  power  station  as  well 
as  for  special  radiotelegraphic  knowledge.  When  we  are  given  the 
distance  of  which  it  is  required  to  communicate,  experience  or  regu- 
lations will  decide  the  wave  length  which  should  be  used.     We  have. 
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then,  to  determine  the  power  required,  and  to  design  the  station 
accordingly. 

Owing  to  the  great  variations  of  signal  strength  which  take  place 
hy  day  and  night  when  working  over  long  distances,  it  is  necessary 
to  provide  a  large  margin  of  power.  The  difficulty  is,  however,  to 
get  this  power  into  the  aerial.  The  achievement  of  signalling  depends 
on  the  production  of  a  current  in  the  receiving  antenna,  which  for 
good  signalling  must  not  be  much  less  than,  say,  30  microamperes 
when  using  telephonic  reception.  It  is  then  possible  to  determine 
from  certain  experimental  data  which  have  been  obtained  the  corre- 
sponding sending  antenna  current  when  working  over  various 
distances. 

An  empirical  formula  for  this  purpose  has  been  given  by  Dr.  L.  W. 
Austin  as  the  result  of  measurements  made  over  sea  by  daylight  up 
to  distances  of  1000  or  2000  miles  (see  Chap.  IX.  §  3). 

Let  li  be  the  current  in  the  sending  antenna  and  I2  that  in  the 
receiving  antenna,  and  let  h^  and  ^2  be  the  antenna  heights.  Let  D 
be  the  distance  between  the  stations  and  A  the  wave  length.  Then 
for  transmission  by  day  it  is  found  that 


*  AD 


(5) 


where  a  is  a  constant  which  is  not  far  from  00015  for  over-sea 
working. 

In  the  above  formula  I^  and  I2  are  measured  in  amperes,  and 
Xi,  hif  h^,  and  d  are  measured  in  kilometres. 

The  formula  can,  of  course,  be  used  to  determine  I^  when  I2,  Aj, 
^2,  d^  and  A  are  given.  I2  may  be  taken  as  40  microamperes  for 
good  receiving  through  25  ohms  equivalent  antenna  resistance — ^that 
is,  4  X  10"®  watt.  For  further  discussion  of  the  problem  of  pre- 
determining the  receiving  antenna  current  under  various  conditions 
and  for  different  formulae  for  it,  the  reader  must  refer  to  Chap.  IX. 
§3. 

Tablb  I. 


Sending  antenna  cnrrent  I|. 


Working  distanoe 


ampa. 
1 
2 
8 
6 
7 
10 
15 

ao 

25 
80 
40 
50 
60 


By  day. 

Bynii^ 

miles. 

mllea. 

75 

90 

186 

180 

180 

270 

285 

450 

280 

680 

845 

900 

420 

1850 

475 

1800 

525 

2250 

565 

2700 

680 

8600 

685 

4500 

725 

5400 
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In  the  above  equation  (5)  the  constant  4*25  refers  to  flat  top  or 
T-shaped  antenna  such  as  is  used  on  ships.  This  constant  is  de- 
termined by  the  form  of  the  antenna. 

Taking  two  ship  T-antennaB  of  height  A^  =  A2  =  ^^0  feet  and  a 
wave  length  A  =  1000  metres,  and  assuming  a  receiving  current  of 
40  microamperes,  Dr.  Austin  has  calculated  the  sending  antenna 
currents  corresponding  to  various  distances  as  in  the  Table  I.  above. 

The  reason  for  the  difference  in  range  by  day  and  by  night  is 
discussed  in  the  next  chapter. 

Dr.  Austin  has  also  given  the  following  calculated  Table  11.  of 
sending  antenna  currents  corresponding  to  certain  distances  and  wave 
lengths  for  two  flat-top  or  T-antennsQ  450  feet  high : — 


Table  n. 

DlflUnce  In  D«atlcAl 

X  =  1000 

A  =  3600 

X  =  3?60 

A  =  6000 

miles. 

meinii. 

meCrM. 
ampi. 

metres, 
amps. 

metres. 

ampt. 

smps. 

1000 

1-5 

18-5 

15 

17 

1250 

880 

27-0 

27 

80 

1500 

91-0 

49-0 

44 

46 

1750 

2000 

950 

77 

74 

aooo 

490-0 

1550 

122 

105 

2250 

— 

245*0 

200 

160 

2500 

— — 

470  0 

814 

285 

2750 

500 

885 

8000 

* 

776 

500 

The  Table  II.  shows  the  advantage  of  lengthening  the  wave  for 
long-distance  working,  as  it  reduces  the  sending  antenna  current. 

Having  obtained  the  value  of  the  current  in  the  sending  antenna, 
we  are  able,  by  the  aid  of  the  information  and  formulsB  given  in  the 
preceding  section,  to  calculate  the  power  thrown  off  from  it  reckoned 
in  watts. 

For  if  we  assume  a  flat-top  or  T-antenna,  we  can  then  take  from 
the  Table  in  §  13  of  Chap.  V.  the  radiation  resistance  for  the  wave 
length  used. 

To  ascertain  the  power  to  be  supplied  to  the  antenna  to  create 
this  radiation  we  have  to  take  into  account  the  ohmic  resistance  of 
the  antenna,  and  also  the  earth-plate  resistance.  The  total  power  to 
be  supplied  to  the  antenna  may  therefore  be  represented  by  the 
expression 

P  =  (R,  +  Ro-f  Ke)Ii2 (6) 

where  B^  is  the  radiation  resistance  above  considered.  Bo  is  the 
equivalent  high-frequency  ohmic  resistance  of  the  antenna  and  B«  is 
equivalent  earth-plate  resistance,  and  I^^  is  the  current  at  the  base  of 
the  antenna. 

The  last  two  quantities  depend  on  so  many  unknown  and  inde- 
finable factors,  e.g,  form  of  antenna  wires,  form  of  earth-plate, 
moisture  of  ground,  and  nature  of  neighbouring  conductors,  that  it  is 
impossible  yet  to  give  means  for  exact  predetermination.     All  we 
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can  do  is  to  find  a  factor  of  correction  in  the  light  of  experience. 
It  would  he  safe  tp  say  that  we  must  at  least  douhle  the  radiation 
resistance  to  ohtain  the  total  resistance.  This  being  the  case,  we 
have  then  the  means  of  approximately  determining  the  total  power 
to  be  supplied  to  the  transmitter,  and  hence  the  engine,  alternator, 
and  transformer  plant  to  be  laid  down. 

If  the  transmitter  is  a  spark  transmitter  with  quenched  or  musical 
spark,  it  must  be  remembered  that  the  power  factor  of  the  condenser 
circuit  which  is  charged  by  the  step-up  transformers  is  very  low.  It 
will  seldom  be  greater  than  0*5.  Hence  in  the  design  of  the  alter- 
nator this  must  be  taken  into  account.  The  alternator  armature  has 
to  supply  a  large  wattless  current,  and  hence  its  armature  must  have 
sufficient  current-carrying  capacity. 

In  settling  the  engine  and  alternator  power  it  is  necessary  to 
allow  a  large  margin,  and  it  is  safe  to  provide  power  equal  to  at 
least  twenty  times  the  radiated  power.  That  is,  we  do  well  to  assume 
only  a  5  per  cent,  efficiency  between  indicated  engine  power  and 
power  radiated  as  electric  waves.  Having  decided  in  this  manner 
the  output,  we  can  specify  the  engine,  alternator,  and  transformer 
plant.  The  type  of  engine  will  be  determined  by  the  supply  of  water, 
access  for  coal,  and  other  difficulties.  Wherever  possible  steam 
engines  should  be  employed.  In  some  cases  electric  power  can  be 
purchased  directly  from  a  power  supply  system,  and  the  voltage 
transformed  by  local  transformers. 

In  any  case  these  transformers  must  be  oil-insulated  transformers, 
and  may  raise  the  voltage  to  20,000  or  30,000  volts. 

The  design  and  specification  of  the  plant  is  so  far  entirely  ordinary 
heavy  electrical  engineering.  In  the  next  place  we  have  to  consider 
the  provision  of  the  condenser  plant. 

There  is  a  great  advantage  in  using  air  condensers  if  possible. 
The  objection  to  air  at  ordinary  pressure  is  its  small  dielectric 
strength.  The  use  of  compressed  air  obviates  this  difficulty,  but 
renders  the  condenser  more  expensive.  The  next  best  arrangement 
is  metal  plates  in  highly  insulating  oil,  as  the  dielectric  glass  plate 
or  glass  tube  condensers  have  advantage  in  small  bulk  capacity,  but 
are  fragile  and  liable  to  age  in  use. 

When  we  have  decided  the  spark  frequency  N,  which  may  best 
be  about  300  to  500  per  second,  and  the  charging  voltage  Y,  the 
capacity  of  the  condenser  0  for  a  given  power  output  W  is  deter- 
mined by  the  equation  W  :=  j^NCV^.  It  is  necessary  here  also  to 
allow  a  large  margin,  as  the  efficiency  of  the  oscillation  transformer 
is  in  general  not  high,  and  energy  is  dissipated  in  the  spark  gap. 
Hence  the  possible  condenser  power  delivery  should  be  at  least  three 
times  that  of  the  power  radiation  of  the  antenna. 

In  the  design  of  the  oscillation  transformer,  antenna  loading  coil 
or  variable  inductance,  very  great  care  should  be  taken  to  reduce 
resistance  loss  of  power  to  a  minimum.  This  can  only  be  done  by 
most  careful  stranding  of  the  cable  used  so  as  to  reduce  high- 
frequency  resistance  and  the  added  resistance  which  arises  from 
unequal  distribution  of  the  current  across  the  section  of  the  con- 
ductor. The  circuits  of  the  oscillation  transformer  should  be  made 
of  very  fine  H.C.  copper  wire  about  No.  36  S.W.G.  enamelled  or 
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silk-covered,  and  woven  into  a  cable,  so  that  each  wire  has  equal 
access  to  the  surface  and  inner  portions  of  the  cable. 

All  condenser  connections  should  be  made  with  the  same  cable, 
or  with  very  thin  sheet  copper  in  parallel  insulated  sheets  or  strips. 

It  must  be  borne  in  mind  that  the  object  of  the  whole  trans- 
mitter is  to  get  power  into  the  aerial,  and  there  radiate  it  as  long 
electric  waves,  and  that  a  radiotelegraphic  transmitter  is  in  a  sense 
a  sort  of  electric  lamp,  the  efficiency  of  which  is  measured  by  the 
percentage  ratio  of  the  power  radiated  as  long  electric  waves  to  that 
supplied  to  it  as  indicated  power  of  the  engine  or  other  prime  mover. 

For  some  additional  information  on  the  design  of  radiotelegraphic 
stations,  the  reader  may  be  referred  to  articles  by  Dr.  Shunlachi 
Eimura  in  The  Electrician,  vol.  70,  pp.  60, 96, 135,  October,  November, 
1912,  in  which  a  number  of  useful  formulas  are  presented  in  the  form 
of  curves. 

In  the  selection  of  a  wave  length  it  is  well  to  bear  in  mind  that 
Austin's  formula  for  the  received  current  above  given  shovrs  that 
there  is  a  certain  wave  length  which  gives  the  maximum  received 
current  for  a  given  distance  between  the  stations,  other  things 
remaining  the  same.  This  optimum  wave  length  is  easily  found,  as 
follows : — 

Taking  Austin's  empirical  formula  in  equation  (6)  above,  viz. — 

Ir  =  4-25-^^fij2c-'V^A 

I 

we  differentiate  with  respect  to  A  and  obtain 

rfIr__4-26IiAiA2/_5P  __-,V*^/^     ...    (7) 
rfA"       DA2      \2y/\       y 

Hence  the  condition  for  a  maximum  is  that 

a2D2 
A="4 (8) 

-  and  this  wave  length  gives  the  largest  receiving  current  for  a  given 
distance  D  and  given  heights  of  antennae.^  In  other  words,  for  the 
same  type  of  plant  the  wave  length  used  must  increase  as  the  square 
of  the  distance  over  which  signals  have  to  be  sent. 

On  the  subject  of  the  Design  of  Badiotelegraphic  Stations  the 
reader  may  consult  a  paper  by  Mr.  A.  S.  Blatterman  in  The  Elec- 
trician, vol.  72,  1914,  pp.  780  and  821.  In  this  paper  the  writer 
assumes  the  use  of  a  quenched  spark  transmitter  giving  rise  to  a 
single  wave  radiation  from  the  sending  antenna,  and  supplies  a 
number  of  curves  for  facihtating  calculations  and  examples  of  their 
use.  The  paper,  however,  must  be  read  in  connection  with  a 
criticism  of  it  by  L.  B.  Turner  on  p.  869  of  the  same  volume  of  The 
Electrician. 

•  See  The  Wireless  Worlds  vol.  ii.  p.  662,  December,  1914,  where  the  above 
formula  is  given  by  Mr.  L.  Cohen. 
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RADIOTELEQBAPBIC   TRANSMISSION 

1.  The  Function  of  the  Earth  in  Radiotelegraphy. — ^In  this 
chapter  we  shall  consider  some  of  the  practical  problems  connected 
with  the  transmission  of  electromagnetic  waves  of  long  wave  length 
over  the  earth  when  employed  for  radiotelegraphic  purposes.  We 
have  seen  that  when  initiating  practical  radiotelegraphy  Mr.  Mar- 
coni's success  was  reached  by  employing  nearly  vertical  aerial  wires 
insulated  at  the  upper  ends,  but  at  the  moment  of  sending  the 
signal  these  wires  were  both  connected  to  the  earth.  At  the  sending 
station  he  used  an  aerial  wire  having  a  pair  of  spark  balls  inserted 


o 

E 


6 

1 


.  c 


(«) 


O 

i 


B 


(e) 

Fig.  1. — Various  Modes  of  Connecting  the  Transmitting  Antenna  to  the  Earth, 
(a)  By  direct  connection  of  the  lower  spark  ball  to  an  earth  plate,  £  ;  (&)  bj 
connection  through  a  condenser,  G ;  (c)  by  a  balancing  capacity,  B. 

near  the  earthen  end  (see  Fig.  1  (a)).  When  a  spark  passed  across 
the  gap  between  the  balls  the  aerial  wire  was  at  that  moment  placed 
in  conductive  connection  with  the  earth.  At  the  receiving  end  the 
incident  electric  waves  created  oscillations  in  the  receiving  aerial, 
and  this  wire  likewise  had  its  lower  end  in  connection  with  the 
earth.  Hence  the  two  aerial  wires  at  the  moment  of  sending  the 
signal  were  joined  together  through  the  earth.  In  all  his  subsequent 
improvements  he  never  departed  from  this  earth  connection  at  both 
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ends,  and  maintained  it  was  essential  for  successful  long-distance 
working. 

Subsequently  other  inventors  inserted  a  large  capacity  or  con- 
denser, C,  between  the  spark  balls  and  the  earth  plate  (see  Fig.  1  (b)), 
and  others  adopted  the  use  of  a  balancing  capacity  or  counterpoise, 
B  (see  Fig.  1  (c)),  consisting  of  a  sheet  of  metal  or  network  laid  over 
the  earth,  but  insulated  from  it.  It  cannot  be  considered  that  the 
insertion  of  the  condenser  between  the  earth  plate  and  the  spark  balls 
makes  any  essential  scientific  difference,  although  it  may  be  done 
for  the  purpose  of  reducing  the  antenna  capacity.  If  the  conduc- 
tively  earthed  antenna  (a)  is  employed,  then,  as  we  have  seen,  the 
distribution  of  current  in  it  must  be  such  that  there  is  a  node  of 
current  at  the  upper  end,  and  an  antinode  at  the  earthed  end.  In 
other  words,  a  current  must  flow  into  and  out  of  the  earth  plate  and 
earth.  If  we  sever  the  metallic  connection  to  the  earth  plate  and 
introduce  a  condenser  of  large  capacity,  we  do  not  make  any  change 
in  this  respect.  In  place  of  a  current  of  conduction  we  have  a 
dielectric  current  through  the  condenser,  and  if  its  capacity  is 
sufficiently  large,  this  dielectric  current  may  be  as  great  as  the 
current  of  conduction  which  flowed  when  the  metallic  conductor  was 
complete.  Hence  {b)  is  not  different  in  principle  from  (a),  and  the 
antenna  may  with  equal  truth  be  said  to  be  ''  earthed  "  at  the  lower 
end  in  both  cases. 

On  the  other  hand,  great  differences  of  opinion  exist  whether  the 
technical  advantages  lie  on  the  side  of  the  "  earthed "  antenna,  or 
with  the  completely  insulated  antenna  with  balancing  capacity  (c). 
It  is  clear  that  in  some  cases  the  balancing  capacity  cannot  be 
employed ;  for  instance,  on  board  ship,  where  there  is  no  room  for  it. 
Hence,  the  hull  of  the  vessel,  making  good  earth,  is  invariably  used. 
In  other  instances,  such  as  large  land  stations,  the  necessary  balancing 
capacity,  if  used,  would  be  very  inconvenient  owing  to  its  size,  in 
that  it  would  impede  access  to  the  base  of  the  towers  or  masts 
carrying  the  antenna,  and  necessitate  a  larger  area  of  ground  for 
working. 

In  the  case  of  antennaB  of  very  large  size  and  capacity,  such 
as  those  used  for  long-distance  stations,  the  size  of  the  insulated 
balancing  capacity  required  would  make  its  use  often  inconvenient. 
Hence  it  is,  so  to  speak,  put  underground,  in  which  case  it  becomes 
an  earth  plate. 

It  has  sometimes  been  urged  that  the  use  of  the  balancing 
capacity  in  place  of  the  earth  plate  prevents  dissipation  of  energy  by 
currents  created  in  the  earth,  but  this  is  not  the  case,  because,  even 
when  a  balancing  capacity  is  used,  there  is  still  a  movement  of 
eleictricity  in  the  earth  around  the  antenna.  Mr.  Marconi  has  always 
preferred  to  employ  the  direct  conductive  earth  connection  for 
antenna,  both  sending  and  receiving.  In  his  British  Patent,  No. 
12,039,  of  1896,  the  15th  and  16th  claims  are  as  follo^vs  :— 

15.  A  receiver  consisting  of  a  sensitive  tube  or  other  imperfect 
contact  inserted  in  a  circuit,  one  end  of  the  sensitive  tube  or  other 
imperfect  contact  being  put  to  earth  whilst  the  other  end  is  connected 
to  an  insulated  conductor. 

16.  The  combination  of  a  transmitter  having  one  end  of  its 
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sparking  appliance  or  poles  connected  to  earth,  and  the  other  to  an 
insulated  conductor,  with  a  receiver  as  is  mentioned  in  claim  15. 

The  reference  is  to  arrangements  as  shown  in  Mg.  2  of  §  2  in 
Chap.  YII.  We  haye  seen  that  the  first  demonstrations  of  electric 
wave  telegraphy  were  obtained  with  this  earthed  system,  and  others 
who  followed  Marconi  agreed  with  him  in  approving  and  employing  it. 

The  following  extract,  taken  from  a  paper  by  Admiral  Sir  Henry 
Jackson,  endorses  this  opinion  i : — 

"  A  point  of  interest,  which  has  also  great  effect  on  the  signalling  distance,  is 
the  efficiency  of  the  earth  connection  of  both  the  transmitting  and  receiving 
instruments.  Fortunately  for  the  system,  on  board  a  modem  ship  there  is  no 
difficulty  in  obtaining  an  almost  perfect  earth  connection  when  the  ship  is  at  sea. 
In  dr7  dock,  however,  there  is,  in  One  weather,  a  great  difficulty  in  doing  so,  and 
the  effects  of  the  bad  earth  with  the  ship  in  dock,  on  the  sisals,  are  extremely 
marked,  both  for  transmitting  and  receiving,  reducing  the  distance  as  low  as  to 
25  per  cent,  of  the  distance  with  the  ship  afloat. 

**  A  similar  effect,  due  to  drought,  has  been  observed  with  some  shore  stations, 
where,  according  to  my  experiences,  the  maximum  signalling  distances  have 
always  been  obtained  during  wet  seasons  of  the  year. 

**  A  typical  example  is  given  :— 

'*  On  one  particuliu  occasion,  towards  the  end  of  a  very  dry  summer  (last  year), 
the  maximum  signal  distance  between  a  certain  ship  and  station,  500  feet  above 
the  sea,  was  88  miles,  the  usual  distance  having  previously  been  68  miles.  Two 
days  later,  during  which  time  no  fdterations  whatever  had  been  made  to  the 
adjustments  of  the  instruments,  but  which  included  twenty-four  hours^  of  heavy 
rain,  the  maximum  distance  obtained  was  70  miles,  which  has  since  been 
maintained. 

"Repeated  experiments  with  and  without  earths  on  the  transmitter  and 
receiver  have  shown  that,  in  the  open  sea,  signals  may  be  obtained  up  to  50  or  60 
per  cent,  of  the  full  distance,  without  earths  on  the  receiver,  though  such  a  large 
proportion  is  unusual,  the  average  being  80  per  cent.  A  condenser  of  suitable 
capacity  acts  nearly  as  well  as  a  good  earth ;  without  an  earth  on  the  trans- 
mitter, the  percentage  of  distance  has  never  exceeded  15  per  oent.  Using  good 
earths,  but  no  aerial  wire  whatever  on  the  receiver,  or  near  it,  signals  have  never 
been  obtained  over  8  miles.  With  no  aerial  wire  on  the  transmitter,  I  have 
never  known  a  signal  to  be  received  on  board  another  ship  over  2  miles  distant. 

"My  experience  demonstrates  most  clearly,  and  with  no  marked  excep- 
tion, that,  for  signalling  any  distance  beyond  a  few  miles,  the  oombination  of 
aerial  wires  and  good  earths  is  essential,  for  both  transmitting  and  receiving 
instruments." 

On  the  other  hand.  Sir  Oliver  Lodge  has  expressed  strong 
opinions  on  the  disadvantage  of  the  direct  connection  of  the  antenna 
to  earth,  stating  that  the  result  of  so  doing  is  to  damp  out  the 
oscillations  set  up  in  it  sooner,  and  bestow  on  the  trains  of  radiated 
waves  a  large  decrement.' 

He  maintains  that  the  earth  connection  is  inimical  to  "good 
tuning,"  which  means  to  the  production  of  prolonged  trains  of  oscilla- 
tions in  the  antenna.  He  says  {loc,  cit^),  "  If  the  earth  were  a  perfect 
conductor  it  would  presumably  act  like  a  mirror  preventing  the  waves 
from  spreading  in  that  direction,  and  thereby  doubling  the  intensity 
of  any  radiator  above  it ;  except  that  in  certain  places  there  would  be 
liable  to  be  interference  bands  where  the  difference  between  the  source 

^  See  Admiral  Sir  H.  B.  Jackson,  B.N.,  F.B.S.,  "On  Some  Phenomena 
affecting  the  Transmission  of  Electric  Waves  over  the  Surface  of  the  Sea  and 
Land,"  Proc,  Boy,  Soc.  Land.,  1902,  vol.  70,  p.  254. 

'  See  Sir  Oliver  Lodge  and  Dr.  A.  Muirhead,  '*  On  Syntonic  Telegraphy," 
Proc,  Bay,  Soc.  Land,,  vol.  82,  A.,  p.  227, 1909. 
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and  the  image  was  half  a  wave  length.  Such  interference,  however, 
chiefly  occurs  in  the  case  of  those  long  trains  of  waves  appropriate 
for  tuning.  For  single  pulses — that  is  to  say,  the  snaps  needed  for 
untuned  signalling — the  effect  of  a  perfectly  conducting  earth  would 
probably  be  good,  and  in  so  far  as  the  sea  is  a  moderately  good  con- 
ductor, connection  with  the  sea  may  be  advantageous  for  such 
signalling ;  but  for  tuned  relation  between  the  stations  it  is  becoming 
clear  that  instead  of  prolonging  the  oscillations,  its  resistance  wipes 
them  out  and  kills  them.  It  is  far  better  to  ignore  the  earth  and 
work  independently  of  it  both  at  the  sending  and  receiving  end, 
taking  care  to  keep  everything  insulated.  We  hereby  gain  the  ad- 
vantage of  being  independent  of  fluctuations  in  the  quality  of  the  soil 
in  respect  both  of  permanent  geological  quality  and  of  variable  heat 
and  moisture,  and  we  also  get  far  better  tuning." 

''  On  the  train  of  waves  passing  between  distant  stations  the  earth 
probably  has  no  particular  influence  except  by  reason  of  its  irregu- 
larities and  obstruction ;  but  over  great  distances  it  is  possible  they 
may  be  reflected  advantageously  in  the  good  conducting  regions  of 
the  upper  atmosphere.  But  with  extremely  great  distances  Mr. 
Marconi  has  chiefly  dealt.  My  object  has  been  to  perfect  the  tuning 
for  moderate  distances.'* 

But  these  opinions,  even  although  coming  from  a  great  authority 
on  the  scientific  side  of  the  subject,  are  not  supported  by  the  evidence 
of  experience  in  practice.  As  already  pointed  out,  a  balancing 
capacity  is  impossible  in  the  large  majority  of  cases,  ships  and  power 
stations,  and  very  inconvenient  even  in  large  shore  stations. 

The  opinion  that  the  earth  in  between  the  sending  and  receiving 
station  exercises  no  particular  effect  is  directly  negatived  by  the  re- 
searches of  J.  Zenneck  and  Brylinski,  and  by  the  everyday  experience 
of  radiotelegraphists,  who  are  well  aware  of  the  great  differences 
between  over-sea  tand  over-land  radiotelegraphy,  especially  when 
using  short  wave  lengths. 

The  basis  for  the  above  opinions  are  to  be  found  in  the  paper 
published  by  Sir  Oliver  Lodge  and  Dr.  Muirhead,  in  which  experi- 
ments are  described  made  between  stations  at  Down  and  at  Elmers 
End  in  Kent,  7  miles  apart.  The  station  at  Elmers  End  sent  out 
radiation  of  about  440  metres  wave  length,  with  an  applied  power  of 
400  watts.  The  station  at  Down  received  this  on  an  aerial  consisting 
of  two  capacity  areas,  each  composed  of  four  loops  of  wire  on  a 
horizontal  plane,  the  centres  being  connected  by  a  vertical  wire.  The 
upper  area  was  elevated  60  to  67  feet  above  the  earth,  and  the  lower 
one  at  various  heights  above  the  earth.  At  the  centre  of  the  vertical 
wire  was  a  receiving  instrument  which,  in  the  case  of  these  measure- 
ments, was  a  Duddell  thermal  ammeter. 

A  variable  inductance  or  capacity  was  also  inserted  by  means  of 
which  the  receiving  aerial  could  be  put  more  or  less  out  of  tune  with  the 
incident  wave,  and  a  resonance  curve  could  then  be  plotted  from  the 
observed  deflections  of  the  thermal  ammeter.  It  was  found  that  when 
the  lower  capacity  area  was  completely  insulated  and  some  way  above 
the  earth  (even  only  6  feet  up),  the  resonance  curve  plotted  out  with 
a  very  sluurp  peak,  thus  indicating  small  damping  both  in  the  sending 
and  receiving  circuits.     If,  however,  the  lower  capacity  area  was  near 
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to  or  on  the  earth,  the  resonance  curve  was  flat  and  presented  no 
well-marked  peak.  The  experiments  undoubtedly  show  that  the 
earth  at  the  receiving  antenna  does  produce  a  sensible  effect  in 
damping  the  free  oscillations  set  up  in  the  receiving  aerial,  but  they 
do  not  give  proof  that  the  earthing  at  the  sending  end  is  equally 
injurious.  Nor  do  they  prove  that  if  the  receiving  or  wave  detecting 
instrument  is  inserted  in  a  suitable  closed  oscillatory  circuit  inductively 
connected  to  the  receiving  antenna,  the  damping  out  of  the  oscilla- 
tions in  the  aerial  wire  w^  be  also  accompanied  by  an  equally  quick 
damping  out  of  the  oscillations  in  the  closed  coupled  circuit. 

The  conclusion  of  Sir  Oliver  Lodge  and  Dr.  Muirhead  that  the 
earth  connection  is  always  a  disadvantage  is  not  supported  by  the 
opinion  of  other  workers,  who  have  carried  out  similar  experiments 
with  earthed  and  non-earthed  antennse.  Thus  J.  S.  Sachs,'  in  1905, 
conducted  experiments  on  the  function  of  the  earth  in  wireless  tele- 
graphy, in  which  he  used  Braun's  form  of  apparatus,  the  energy 
transmitted  and  received  being  measured  thermoelectrically.  In 
some  cases  the  stations  were  in  resonance,  and  in  others  not.  He 
came  to  the  conclusion  that  the  radiation  from  a  system  with  an 
aerial  and  direct  earth  connection  is  three  or  four  times  greater  than 
when  the  earth  is  replaced  by  a  balancing  capacity.  He  also  tried 
the  effects  of  raising  the  transmitter  and  receiver  high  above  the 
ground,  and  found  it  an  improvement.  From  these  experiments  he 
concluded  that  the  earth  between  the  stations  exercises  an  absorptive 
action  and  does  not  much  reflect  the  waves.  He  foimd  that  the 
energy  receivisd  varies  very  approximately  inversely  as  the  square  of 
the  distance. 

W.  Burstyn  (see  Science  Abstracts,  vol.  10,  B.,  1907,  abs.  222)  also 
concludes,  from  a  theoretical  discussion  of  the  influence  of  the  size  and 
position  of  the  balancing  capacity  with  respect  to  the  earth,  that  unless 
the  station  is  a  small  or  temporary  one,  or  built  on  hard  dry  rock,  it 
is  more  economical  to  employ  a  direct  earth  connection.  For  military 
stations  or  those  constantly  moved  about,  he  thinks  it  is  better  to 
employ  a  balancing  capacity,  as  it  ensures  the  equivalent  of  a  good 
earth,  and  a  proper  earth  connection  cannot  be  obtained  in  dry  sandy 
soil  or  very  rocky  ground.  On  the  other  hand,  practical  experience 
on  a  large  scale  does  not  give  any  warrant  for  the  conclusion  that  the 
direct  earth  connection  is  always  bad ;  on  the  contrary,  long-distance 
work  is  impossible  without  it. 

The  reader  may  also  be  referred  to  a  paper  by  Mr.  Charles  A. 
Culver  in  the  Physical  Review,  for  September,  1907,  p.  200,  entitled 
''  A  Study  of  the  Propagation  and  Interception  of  Energy  in  Wireless 
Telegraphy,"  in  which  the  writer  examines  the  question  of  earth  con- 
nection, and  comes  to  the  conclusion  that  "  the  earth  plays  a  highly 
important  part  in  the  transmission  of  energy  in  wireless  telegraph 
circuits,  particularly  the  '  ground '  at  the  transmitting  station."  He 
considers  that  the  earth  connection  greatly  increases  the  effect  on  the 
receiver.  He  even  suggests  that  the  effects  at  great  distances  are 
due  to  electrical  disturbances,  propagated  through  the  earth's  crust, 

*  See  J.  S.  Saohs,  ^  On  the  Function  of  the  Earth  in  Wireless  Telegraphy," 
Elektrotechn,  Zeitschr,,  vol.  26,  p.  951,  October,  1905;  or  Science  Abstract, 
vol.  8,  B.,  1905,  aba,  1689. 
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and  not  directly  to  the  effects  of  a  free  Hertzian  wave  through  the 
space  ahove  it.  There  are,  however,  special  difficulties  connected 
with  this  view,  though  on  the  other  hand  there  is  some  experimental 
evidence  that  the  action  at  a  distance  due  to  an  earthed  transmitting 
antenna  is  not  wholly  the  result  of  a  space  wave,  as  signals  can  he 
received  without  the  use  of  any  high  aerial  wire  at  the  receiving  station, 
provided  there  is  a  good  earth  connection  to  the  receiver. 

The  reader  may  also  be  referred  to  some  quantitative  experiments 
by  Prof.  C.  Tissot  (see  "  Resonance  des  Systemes  d'Antennes  "),  in 
which  measurements  were  made  vnth  the  bolometer  receiver  of  the 
current  in  a  receiving  antenna,  collecting  radiation  from  a  distant 
sending  antenna.  This  last  was  so  arranged  that  it  could  be  con- 
nected at  pleasure  to  various  earth  plates  having  a  "  bad  "  earth,  a 
"  dry  "  earth,  and  a  "  damp  "  and  "  very  good  "  earth.  The  deflec- 
tions of  the  bolometer  galvanometer  were  respectively  10,  26,  28,  and 
34  scale  divisions,  thus  showing  the  improvement  in  the  receiving 
antenna  current  with  improvement  in  the  *'  earth  "  at  the  sending 
end.  Again,  M.  Tissot  measured  the  receiving-end  current  when 
the  earth-plate  was  1  metre  square  and  30  metres  square,  and  found 
bolometer  deflections  respectively  of  30  and  56  divisions.  He  also  found 
that  at  the  sending  antenna  under  the  same  conditions  the  mean- 
square  value  of  the  current  at  the  base  of  the  antenna  increased 
with  the  area  of  the  earth  plate  at  the  sending  end  up  to  a  certain 
area,  whilst  on  board  ship,  where  the  contact  with  "earth,"  or 
rather  sea,  was  perfect,  the  mean-square  sending  antenna  current 
had  a  still  larger  value  than  for  a  similar  transmitter  on  shore  with 
an  earth  plate.  His  conclusion  is  that  the  earth  connection  absorbs 
a  certain  fraction  of  the  energy  imparted  to  the  sending  antenna. 

Apart  altogether  from  the  insulation  or  non-insulation  of  the 
antenna  from  the  earth,  whether  conductively  connected  to  it  or 
connected  through  a  condenser,  or,  on  the  other  hand,  united  to  an 
insulated  balancing  capacity,  the  nature  of  the  earth's  surface,  whether 
sea  or  land,  damp  or  dry  soil,  between  the  sending  and  receiving 
stations,  exercises  a  great  effect  upon  the  range  of  radiotelegraphy 
possible  with  any  given  apparatus.  We  must,  therefore,  consider 
the  function  of  the  earth  generally  in  this  matter. 

In  the  earUest  days  of  electric  wave  telegraphy  it  was  foimd 
that  the  waves  employed  of  about  100  to  300  metres  wave  length 
travelled  much  better  over  sea  than  over  land.  Also  very  dry  land 
seemed  to  offer  greater  obstruction  than  damp  soil,  and  an  improve- 
ment in  overland  radiotelegraphy  was  often  noticed  in  those  days 
after  the  occurrence  of  wet  weather. 

These  facts  showed  that  the  nature  of  the  terrestrial  surface 
between  the  stations  was  not  without  effect  upon  the  transmission  of 
radiotelegraphic  waves.  Hence  we  must  consider  from  a  theoretical 
point  of  view  the  propagation  of  an  electric  wave  over  a  copducting 
surface. 

It  has  already  been  shown  in  Chap.  II.  that  high  frequency 
alternating  currents  or  oscillations  are  chiefly  confined  to  the  surface 
of  the  conductors  conveying  them.  The  penetration  of  the  current 
into  the  conductor  is  less,  the  greater  the  conductivity  and  the 
greater  the  magnetic  permeability  of  the  material  of  which  it  is  made. 
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This  can  be  illustrated  by  an  experiment  shown  by  the  author 
in  a  discourse  at  the  Boyal  Institution  on  June  4,  1909,  as 
follows  : — 

An  oscillatory  circuit  is  constructed,  consisting  of  a  condenser 
comprising  one  or  more  Leyden  jars,  a  rectangular  wire  circuit 
haying  a  gap  in  it  which  can  be  bridged,  and  a  spark  gap.  The  gap 
can  be  closed  by  inserting  in  it  a  short  wire  spiral,  consisting  of  a 
copper,  iron,  or  brass  wire  about  No.  14  S.W.G.  gauge,  and  each  of 
the  same  length,  viz.  30  to  40  cms.  wound  up  in  short  open  spirals 
of  8  or  10  turns.  Oscillations  are  set  up  in  this  circuit  by  an  induc- 
tion coil  as  usual.  Alongside  of  this  circuit  is  placed  a  cymometer 
^th  neon  tube  as  indicator,  the  brightness  of  the  glow  serving  as 
an  index  of  the  ampHtude  and  damping  of  the  oscillations  in  the 
primary  circuit.  If  then  the  spirals  are  successively  placed  in  the 
primary  circuit,  and  the  cymometer  circuit  adjusted  to  resonance,  we 
may  place  the  cymometer  so  near  the  primary  that  when  the  copper 
or  brass  spiral  is  in  circuit  the  neon  tube  glows  brightly,  but  when 
the  iron  spiral  is  in  circuit  the  tube  hardly  glows  at  all.  If  then  a 
galvanized  iron  wire  of  the  same  thickness  and  length  is  substituted, 
it  will  be  found  that  the  tube  glows  as  brightly  as  when  the  copper 
spiral  is  employed.  This  shows  that  the  thin  layer  of  zinc  put  on 
the  iron  is  sufficient  to  prevent  penetration  of  the  oscillations  into 
the  iron ;  in  other  words,  that  they  are  confined  to  the  surface. 

If,  however,  we  paint  the  iron  spiral  or  even  cover  it  with  a  thick 
layer  of  badly  conducting  plaster  of  Paris,  it  still  damps  the  oscilla- 
tions as  much  as  a  bare  iron  vnre,  showing  that  the  oscillations  pene- 
trate through  the  badly  conducting  layer  of  plaster  or  paint. 

We  have  already,  in  Chap.  II.  §  1,  given  the  fundamental  equa- 
tions for  the  density  of  a  current  established  in  a  conductor  at  any 
point  of  which  the  co-ordinates  are  x,  y,  2,  viz. — 

and  two  similar  equations  in  v  and  w,  where  u,  v,  and  w  are  the 
rectangular  components  of  the  current  density  and  /x  and  p  are  the 
permeability  and  resistivity  of  the  conductor. 

The  meaning  of  this  equation  will  best  be  understood  by  applying 
it  to  a  particular  case.     Let  us  suppose  a  plane  surface  to  separate  a 

conductor  of  conductivity  -  and  permeability  /i  from  a  dielectric  of 

unit  permeability  and  zero  conductivity.  Let  x  be  the  direction  of 
an  axis  measured  from  any  point  in  the  plane  perpendicular  to  the 
surface,  whilst  the  y  and  z  axes  lie  in  that  plane.  If  then  a  current 
is  established  in  the  conductor,  it  will  begin  at  the  surface  and  diffose 
inwards  by  a  process  resembling  the  conduction  of  heat.  If  the 
current  is  alternating,  it  may  be  represented  as  proportional  to  the 

real  part  of  the  function  ^  .  Hence,  since  there  is  no  variation  in 
the  direction  of  y  and  z^  the  equation  (1)  reduces  to 

4mtp  .        dHt  .^. 
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and  if  a*  denotes  — ^\  we  have — 

^''^d^u (3) 

as  the  equation  expressing  the  current  diffusion  into  the  conductor. 
The  solution  of  this  is 

w  =  A€-«*  +  Bc^ (4) 

and  since  w  =  0,  when  a;  =  od,  the  constant  B  =  0,  or  w  =  Ac" 

Now     (1  +y)2  =  2;        where/  =  V  —  1 

Hence    «  =  >v/^''''^(l  +  O (5) 


And  therefore 


„=A<^V^-   /-V^-'   ■    •    '"> 


Accordingly,  the  current  u  decreases  in  amplitude  and  changes  in 
phase  as  we  penetrate  into  the  conductor.    The  current  is  reduced 

1  ,       v7" 

to  '  of  its  value  at  the  surface  at  a  depth  equal  to  — 7  -- 

Thus,  for  instance,  if  the  conductor  is  copper  we  have  /i  =  1, 
p  =  1600,  and  if  the  frequency  of  the  alternations  is  10®,  then — 

>wAw  =  2  V^=  157 

The  current  therefore  is  reduced  to  -  =  0367  of  its  amplitude  or 

strength  at  the  surface  at  a  depth  of  y^  of  a  centimetre,  or  about 
4^  of  an  inch.  _^ 

At  about  4  times  this  depth  the  current  is  reduced  to  €      of  that 
at  the  surface,  viz.  to  about  2  per  cent,  of  its  surface  value,  ^ence  the 

current  is  practically  confined  to  a  skin  of  thickness  —\/  ^*     ^^  ^^® 

conductor  is  of  iron,  then  for  a  frequency  10®  we  may  take  /x  =  1000  and 
p  =  10,000.  Hence  the  skin  thickness  would  then  be  about  0002  cm. 
It  can  be  shown  that  the  resistance  of  the  conductor  in  a  direction 
parallel  to  the  surface  to  alternating  currents  of  a  frequency  n  is  the 

same  as   that  of  strips  of  thickness  ,^>v/  —  to  steady  currents. 

Hence,  in  the  case  of  copper  strip  a  thickness  of  about  ^  of  a  mm.  or 
4^  of  an  inch  thick  would  present  the  same  resistance  to  steady 
currents  as  does  the  slab  of  infinite  thickness  to  currents  of  a 
frequency  of  10®  flowing  parallel  to  the  bounding  surface.  If  then 
we  <sonsider  a  strip  of  metal  of  finite  thickness  and  ask  the  question. 
For  what  Umiting  frequency  has  the  strip  practically  the  same 
resistance  for  alternating  as  for  steady  currents?  it  is  easy  to 
see  that  the  upper  limit  of  the  frequency  n  is  given  by  solving  the 
equation —  -,        / — 

WL=^ <^) 
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where  t  is  the'  given  thickness.  Thus,  for  oscillations  of  frequency 
lO^',  if  a  strip  of  copper  has  a  thickness  not  exceeding  ^  -  cm.  or 

about  -  mm.,  it  will  have  the  same  resistance  as  for  steady  currents. 

o 

In  other  words,  its  high  frequency  resistance  will  be  the  same  as  its 
ohmic  resistance. 

The  same  principles  are  applicable  in  the  passage  of  an  electric 
wave  over  a  conducting  dielectric.  The  wave  is  an  alternation  of 
electric  force  perpendicular  to,  and  magnetic  force  parallel  to,  the 
surface.  The  magnetic  force  diffuses  into  the  surface  and  there 
dissipates  as  heat  energy  which  is  drawn  from  that  of  the  wave. 
Hence  the  operations  taking  place  when  an  ordinary  low  frequency 
current  is  established  in  a  conductor  and  when  an  electric  wave 
moves  over  its  surface  are  identical  in  this  respect  that  the  conductor 
absorbs  and  dissipates  energy. 

This  penetration  depends,  as  we  have  seen,  upon  the  conductivity 
of  the  surface  over  which  the  wave  glides. 

If  the  surface  is  a  very  good  conductor,  the  wave  penetrates  into 
it  very  little,  but  glides  over  the  surface.  If  it  is  a  poor  conductor, 
the  wave  penetrates  into  it  to  a  greater  extent,  and  the  worse  the 
conductivity  the  deeper  the  penetration. 

The  materials  of  which  the  earth's  crust  is  composed,  with  some 
exceptions,  owe  their  electric  conductivity  chiefly  to  the  presence  of 
water  in  them.  They  are  called  electrolytic  conductors.  Substances 
like  marble  and  slate  when  free  from  iron  oxide  are  fairly  good  insu- 
lators. Dry  sahd  or  hard  dry  rocks  are  poor  conductors,  but  wet 
sand  and  moist  earth  are  fairly  good  conductors.  Sea  water,  owing 
to  the  salt  in  it,  is  a  much  better  conductor  than  fresh  water.  The 
following  table  gives  some  figures,  which  however  are  only  approxi- 
mate, for  the  specific  resistance  of  various  terrestrial  materials  in 
ohms  per  metre  cube.  It  will  be  seen  that  dry  sand  or  soils  are 
of  very  high  specific  resistance,  and  damp  or  wet  sand  or  clay 
fairly  low. 

TaBLB  I. — ApPBOZIHATB  GONDUCnVITT  AND    DiBIiSCTBIC  G0N8TAHT  OF 

VABiouB  Tebbbbtbial  Matebiau. 


MftteriAl. 


Sea  water  .  . 

Fresh  water  . 
Moist  earth 

Dry  earth  .  . 

Wet  sand  .  . 
Dry  river  sand 

Wet  clay    .  . 

Dry  clay     .  . 

Slate      .     .  . 

Marble  .     .  . 

Mercury     .  . 


Specific  resistance  in  ohms 
per  melre  cnbe. 


100  to  1000 
10  to  1000 

10,000  and  upwards 

1  to  1000 

very  large 

10  to  100 

10,000  and  upwards 

10,000  to  100,000 

6,000,000 

0000001 


Dielectric  constant. 
Alr=l. 


80 

80 
6  to  15 
2to6 

9 
2to3 

2to5 

6 
infinity 
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The  above  values  for  the  resistivity  of  earth  orust  materials  are 
only  very  rough  approximations.  There  is  good  reason  for  believing 
that  these  matezials  are  very  much  better  conductors  for  high 
frequency  alternating  currents  than  for  continuous  or  low  frequency 
currents. 

If  our  earth's  surface  had  a  conductivity  equal  say  to  that  of 
copper,  then  the  electric  radiation  from  an  antenna  would  gUde  over 
the  surface  without  penetration.  In  the  case  of  the  actual  earth  there 
is,  however,  considerable  penetration  of  the  wave  into  the  surface,  and 
therefore  absorption  of  energy  by  it. 

We  are  in  the  habit  of  speaking  of  electric  or  Hertzian  wave 
telegraphy  as  *'  wireless  "  telegraphy,  regardless  of  the  fact  that  some 
of  the  functions  of  the  wire  in  ordinary  conductive  telegraphy  are 
taken  by  the  eartlf  in  case  of  radiotelegraphy. 

In  tne  older  method  the  wire  serves  as  a  giude  to  the  energy,  but 
at  the  same  time,  so  to  speak,  charges  a  commission  for  this  service 
in  the  shape  of  the  energy  dissipated  in  it  as  heat.  In  the  latter  case 
the  earth's  surface  acts  to  some  extent  as  the  guide,  and  it  also  takes 
toU  for  that  office  by  dissipating  some  of  the  wave  energy.  Electro- 
magnetic waves  of  long  wave  length,  generated  at  the  transmitting 
station,  thus  lose  energy  as  they  travel  over  the  earth's  surface  by 
penetration  into  and  absorption  by  the  terrestrial  surface.  It  has 
long  been  known  that  radiotelegraphy  is  conducted  with  greater  ease 
over  sea  than  over  land,  but  the  reasons  for  this  difference  were  not 
at  once  apparent.  An  important  contribution  was,  however,  furnished 
by  a  theoretical  investigation  made  by  Dr.  J.  Zenneck,  in  a  paper 
entitied  '<  The « Propagation  of  Plane  Electromagnetic  Waves  over  a 
Plane  Conducting  Surface  with  Reference  to  Wireless  Telegraphy."  ^ 

Dr.  Zenneck  considers  the  case  of  a  plane  electric  wave  travelling 
without  divergence  over  a  surface  bounding  two  media  of  different 
conductivity  and  dielectric  constant.  It  is  obviously  desirable  to 
simplify  the  problem  by  leaving  out  of  account  at  first  the  diminution 
of  wave  amplitude  by  mere  distance,  and  also  that  due  to  curvature 
of  the  bounding  surface.  Let  the  direction  of  propagation  be  taken 
as  that  of  the  x  axis,  whilst  the  direction  of  the 
z  axis  is  downwards  into  the  denser  medium  or 
soil,  and  the  direction  of  the  y  axis  is  away 
from  the  reader  (see  Fig.  2).  This  convention 
as  to  axes  may  be  called  the  German  system, 
as  opposed  to  the  English,  in  which  the  direc- 
tion of  the  z  axis  would  be  upwards.  The 
German  system  has  the  advantage  that  it 
correctly  represents  the  relation  between  the  Fio.  2. 

electric  and  magnetic  forces  in  the  wave  and 
the  direction  of  propagation.    For  in  this  case  if  a;  is  the  direction 

*  See  J.  Zenneck,  "  Uber  die  Fortpflanssong  ebener  elektromagnetisoher  Wellen 
UungB  einer  ebenen  Leiterfl'aohe  und  ihre  BeziehanK  ztur  drahtlosen  Telegraphie," 
Annalen  der  Phytih,  vol.  38,  p.  846, 1907. 

This  paper  was  translated  by  the  author  with  explanatory  comments  and 
pablished  in  Engineering  for  June  4  and  11^  1909.  For  permission  to  use  this 
matter  again  here  in  this  book  the  author  is  indebted  to  the  courtesy  of  the 
Editor  of  Engineering, 

3  P 
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of  wave  propagation,  then  y  is  the  direction  of  the  magnetic  force, 
and  z  that  of  the  electric  force  of  the  wave,  these  vectors  being  in 
the  plane  of  the  wave. 

The  following  symbols  will  then  be  used  : — Let  K  denote  the 
dielectric  constant  of  the  medium  in  the  C.G.S.  system  reckoned  in 
electrostatic  units,  and  let  /i  denote  the  magnetic  permeability  in  elec- 
tromagnetic units.  Hence  for  air  K  =  1,  /x  =  1.  Then  let  s  be  the 
specific  conductivity  in  electrostatic  units,  so  that  if  p  is  the  resistivity 

in  ohms  per  centimetre  cube,  then  «  = .     Also  let  the  fre- 

P 
quency  be  denoted  by  n  and  27m  by  p.    Let  w  =  3  X  10i<>  be  the 

wave  velocity,  X  the  wave  length,  and  —  =  ^.  ^  We  shall  employ 

A 

the  letter/  to  denote  j/  —  1.    Hence  the  expression  for  any  vector  is 

in  the  form  a  -\-jb. 

Let  the  axial  components  of  the  electric  force  E  be  denoted  by 

X,  Y,  and  Z,  and  those  of  the  magnetic  force  H  by  a,  )3,  and  y. 
Consider,  then,  a  small  rectangular  element  of  volume  taken  in 

the  medium  close  to  the  bounding  surface,  and  with  one  comer  at  the 

origin  (see  Fig.  3).  Let  the  side  parallel 
to  the  X  axis  have  a  length  Sx,  that 
parallel  to  the  z  axis  have  a  length 
8z,  and  that  parallel  to  the  y  axis  a 
length  unity.  Then  through  the  sur- 
faces of  this  volume  the  electric  and 
magnetic  forces  create  displacement  D 
and  magnetic  flux  F  per  unit  of  area. 
If  K  is  the  dielectric  constant  of  the 

ElF 
material,  then  D  =  -: — ,  or,  writing  k 

for  -7- ,  we  have  D  =  A:E ;  also  F  =  uH, 
47r  '^ 

where  /x  is  magnetic  permeability.  These  fluxes  and  forces  are  con- 
nected in  accordance  with  the  two  circuital  laws  of  electromagnetism 
as  follows : — 

(i)  The  line  integral  of  magnetic  force  round  the  boundary  of  a 
curve  taken  in  the  dielectric  is  numerically  equal  to  ^n  times  the  total 
electric  currents  through  that  area. 

(ii)  The  Line  integral  of  electric  force  round  any  area  is  numerically 
equal  to  the  time  rate  of  decrease  of  magnetic  flux  through  that 
area. 

Let  us  apply  the  above  theorems  to  the  sides  of  the  small  element 

of  volume.     If   s  is   the  conductivity  in  electrostatic  imite  of   the 

1^ 

material  and  k  =  -j-,  then  for  the  side  1  X  &;  normal  to  the  z  axis, 

477 

the  electric  force  Z  produces  through  it  a  conduction  current 
sZSx  and  also  an  electric  displacement  kZ8x,  and  therefore  a 
displacement  current  pkZSx,  which  is  in  quadrature  as  regards 
phase  with  the  conduction  current.  Hence  the  total  current  is 
{s  -{'jpk)Z8x, 
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To  reduce  this  current  to  electro-magnetic  units  we  must  divide 
by  M  =  3  X  1010,  and,  therefore— 

%+Jpk)Z8j^ (8) 

is  equal  by  the  first  law  to  the  line  integral  of  the  magnetic  force 
round  the  area  1  X  &?.     This  latter  is  equaJ  to 


p-(p+t^) («) 


since  the  magnetic  force  is  wholly  in  the  plane  of  the  wave,  and 
therefore  )3  is  the  only  component  concerned.   Accordingly  we  have — 

^(s+jpHZ^-f (10) 

Now  the  electric  and  magnetic  forces  in  an  electric  wave  are 
pulsating  vectors  which  we  shall  assume  are  simple  harmonic 
functions  of  the  space  ai^d  time.  Therefore,  mathematically  we  can 
take  the  components  of  the  electric  and  magnetic  forces  as  propor- 
tional to  the  real  part  of  6^  '*'  ^) ,  because  this  fimction  is  equal  to 
cos  (j)t  +  Q^)  +y  siD  (pt  +  gx)  and  cos  {pt  +  9^)  represents  a  wave 
motion,  since  it  is  a  function  which  is  periodic,  Doth  with  regard  to 
X   and  t,  or  space  and  time.    Accordingly,  if  )3  =  Ae^  +  «*> ,  then 

-^  =jqP,  and  we  have — 

^{s+jpk)Z  =  -jqp (11) 

In  the  same  way,  if  we  take  the  total  current  through  the  area 
1  X  dz,  and  parallel  to  the  x  axis,  we  obtain  the  equation — 

^(,+iP*)X  =  2 (12) 

In  the  next  place  apply  the  second  law  to  the  area  SxSz, 
The  line  integral  of  electric  force  round  this  area  is — 

Z&-l(z  +  ^^d^)&-X&+(x  +  ^^e?2)Sjr=(^  --jqZ^SxSz    (13) 

The  time  rate  of  change  of  the  magnetic  flux  through  this  area 
is  /t^&&. 

Hence  we  have — 

or  dividing  both  sides  by  Itt  and  putting  fi'  for  ^ ,  we  have — 

~-jgZ=^jy^'p (U) 
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I(  we  write  v  for  —  our  equations  t&ke  the  form — 

(,+jpk)Z  =  -m^ (16) 

(,  +  ipi)X^/J (16) 

f -«Z  =  i|j,/? (17) 

Bliminating  X  and  Z  from  the  above  eqaatioQe,  we  have — 

Z={^'+fi^^^>    ■  ■      ■  as) 

The  solution  of  (18)  is  j8  =  €"^^,  where— 

or 

B. +  ,.  =  -/?>+**> ,19) 

Hence,  Hince  ^  varies   aa  ^r'  +  v)^  ^g  ^^^  f^^  ^^^  oomplete 
espresBiOD — 

^  =  Ae--*^e«^*«*> (20) 

where  A  is  some  constaiit. 

Prom  (15),  (16),  and  (17)  we  then  easily  find  that— 

X  =  -yBA^-^e->»'eX^  +  5")    .     .     .     (21) 

^ •«\^A*-^^^'"      •     ■     ■     (23) 

Suppose  then  that  we  apply  these  equations  and  aolutionB  to  (wo 

small  solid  rectangles  of  side-lengths  Sx,   1,  and  Sz  taken  in  the 

direction  of  the  axes,  bnt  one  taken  in 

y  the  dielectric  below  the  boonding  surface 

and  one  in  the  air  above  (see  Fig.  4). 

In    the    air   the  equations   bake    the 
form — 

^     .  (.+«x  =  -.f  I   .   ,^, 


^-«Z-^M'^J 
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In  the  dieleotrio  as  above — 

(»'  +jpif)  Z'  =  -  tj,-jj8" 


dz 


f-^Z'=^/^J 


(24) 


where  the  aooents  denote  quantities  in  the  dielectric.    The  solutions 


9+jpk 
•'*  8+jpk 

X'  =/B'A' ,  ■,*'.  „€-'*'  e^"*"^ 


•        • 


(25) 


(26) 


Z'  =  -JqA' 


V 


^+fP^ 


^-jv»  ^rt  +  v)\ 


Then,  as  shown  above,  the  values  of  B  and  £'  are  given  by  the 
equations — 


B«  +  ^»==-J>A+^    1 


B'2  +  ^2  =  ^^^'!J^J 


.     .     .    .     (27) 


At  the  bounding  surface  the  horizontal  components  of  the 
magnetic  force — viz.  p  and  jS' — are  identical.  We  have,  then,  when 
we  put  Xf  z,  and  ^  =s  0  in  the  above  equations  (26)  and  (27),  A  =  A'. 
Again,  since  X  =  X'  when  x,  z,  and  ^  =  0,  we  have  — 

For  brevity  let  us  write  T  for  8  +jpk,  and  Y  for  «'  -{-jp^t  and 
also  P  for  ^. 


V 


2 


Then  the  above  relations  may  be  written — 

B2  +  ^2  =  — ^TT 
B'2  +  ^2  =  __  ypT' 

^  +  ^'  =  0 

HftTice 

B2+yPT  =  B'2+yPT' 


•  a 


•    (28) 
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and 

•^    T  +  T' 
B'2  =  -yp^^) (29) 


T  +  T'J 
Also  we  have  from  eqiiation  (25) — 


q      ^  t~\/  s'+jpkf 


Z=:^=VT'=V7^fp-     •     •     •    (30) 


In  the  case  of  air  we  may  consider  tihe  conductivity  zero. 
Accordingly — 


or 


Let  m  stand  for  -,  and  m'  for  ^  .     Then — 

s  8 

X  _      /    jf  wi 
Z^\/  r+jtn' 

Suppose  2<f>  is  an  angle  whose  tangent  is  ~ ,  then  we  have  by  a 

well-known  theorem — 

^^  =  cos  2^  +j  sin  2^ 

VT+  m'2  ^  Vl  +  w'2      a/i  +  m'2 

Therefore — 

X        -/    Jm  /       m  ^ 

z=Vr+,^'=Vvj^=^.-^   •  •  •  (31) 

Accordingly,  X  and  Z  are  two  vectors  which  differ  in  phase  by 

an  angle  <f>  such  that  tan  2<f>  =  —-.. 

pic 

We  are  now  prepared  to  apply  these  formuloB  to  numerical  calcu- 

K 

lations.    It  must  be  remembered  that  k  stands  for  — ,  where  K  is  the 

4flr 


or 
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dieleotric  oonstant  as  usually  measured.    Also  s  stands  for  the  oon- 

9  X  1020 
duetivity  in  electrostatic  units,  and  is  therefore  equal  to  —    ._, 

where  r  is  the  specific  resistance  in  ohms  per  centimetre  cube. 
Accordingly — 

^_  1  _47rX9Xl020_18x  lOn 

^  ^  "  w' "~  27r/iKr  X  iO»  "■      nKr 

Suppose,  then,  that  we  select  a  wave  length  of  1000  feet  or  300 
metres  as  our  radiotelegraphic  wave,  and  consider  the  wave  to  be 
travelling  in  air  and  over  the  surface  of  sea  water  for  which  K  =  80 

and  r  =  100,    Then  n  =  10«,  and  we  have     -,  =  225,  or  26  =  9QP 

m 

and  ^  =  45°.    Also  m  =  ^^g^. 
flence^— 


This  shows,  therefore,  that  when  waves  1000  feet  in  length  travel 
over  sea  water  the  horizontal  component  X  of  the  electric  force  in 
the  air  is  negligible,  since 

X        1  ^ 
Z      135 

Therefore  the  electric  force  at  the  sea  surface  is  nearly  perpen- 
dicular to  that  surface,  and  is  a  nearly  pure  alternating  force.  The 
same  applies  to  the  magnetic  vector. 

Suppose  in  the  next  place  that  electric  waves  of  the  same  length 
are  being  .propagated  over  very  dry  land.  In  this  case  we  should 
have  K  =  2  and  r  =  10*  nearly.     Hence,  if  n  =  10<^  we  have — 

f      QA        1       18x1011       ^Q 

tan  2o  =    .  =  -^ z^^  =  0-9 

^      m'       2  x  1012 

or—  2^  =  42°  or  ^  =  21°  (nearly) 

Also  —  =  1-8.    Hence — 

Ml 


m 


k/  ,  -—  ^  =  0-625  (nearly) 
^Vl  +  w'2  '^         ^' 


In  this  case,  therefore,  the  horizontal  component  X  of  the  electric 
force  in  the  air  is  62^  per  cent,  of  the  vertical  component  in  magnitude, 
and  they  differ  in  phase  by  21°. 

When  two  simple  periodic  quantities  differ  in  phase  and  ampli- 
tude they  compound  into  a  pulsating  vector  represented  by  the 
rotating  radius  vector  of  an  ellipse. 

The  electric  vector  in  the  wave  traveUing  over  dry  land  is  there- 
fore not  by  any  means  perpendicular  to  the  surface,  but  is  inclined 
to  it,  and  there  is  a  considerable  rotating  component.    The  resultant 
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electric  force  in  the  air  above  the  ground  may  be  reprosented  by 
the  rotating  radiuBTeotor  of  aa  ellipee,  the  major  axis  of  which  is 
inclined  forward  in  the  direction  in  whioh  the  wave  is  travelling 
(Bee  Elg.  5). 

We  have  to  consider,  in  the  next  place,  the  loss  in  amphtode  or 
intensity  of  the  wave  as  it  travels  along  due  to  the  absorption  of 
energy  by  the  surface  over  which  the  waves  are  travelling. 

The  amplitude  of  either  wave  vector  is  expressed  by  a  function 
of  the  form  Me*lJ"  +  f). 

It  we  call  the  amplitude  at  the  origin  Mq,  then  Mq  —  !f  e^^.    At 


i")  (6)  (■:) 

r  :=  Beaiitivity.  K  =  Dielsotiio  constant. 

Pto.  6. 

a  certain  distance  x'  along  the  x  axis  the  amplitude  will  have  fallen 

to  -  of  that  at  the  origin ;  we  then  have — 
e 

Me-'c*'  =  Mf*f'**'^ (33) 

Now  7  is  a  complex  quantity ;  let  it  be  written  in  the  form — 

1  -  <■  +ji> 

jqx'  =  jax'  —  bx' 

hx'  =  1 


Then— 

Therefore  we  have — 

Hence — 


^  =  1 


Accordingly,  if '  we  can  express  the  value  of  q  in  the  form 
q  =  a-\-jb,  then  we  see  that  r  is  the  distance  in  whioh  the  ampli- 
tude decays  to  -  of  that  at  the  origin  by  reason  of  the  absorption 

e 
of  energy  by  the  surface  over  whioh  the  waves  traveh    We  have, 
therefore,  to  express  the  value  of  q  in  the  form  a  -\-  jb.    Dr.  Zeniwok 
has  shown  how  this  may  be  done  as  follows : — 
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Bef erring  to  equations  (29)  we  see  that 

T  +  T' 


q^ /P 


XT' 


where  P  =^ 

and  T  =  « -\-jpk,  and  TT  =  «'  +  jJ^A' 

If  the  waves  travel  in  air,  then  we  may  pat  «  =  0,  and  we  have — 

The  following  theorem  will  then  be  found  useful. 

If  a  +jb  is  any  veotor,  and  if  tan  ^  =  -,  then  it  is  clear  that — 

This  follows  at  once  from  the  known  exponential  values  of  sin  ^ 
and  cos  ^,  and  the  geometrical  signification  of  a  +jb. 

Accordingly,  we  may  write  the  expression  s  +jpk  in  the  form — 

where 

tan^=?* 

Therefore,  from  (34)  we  have — 

?  =  J^J-X^+JS--^^^)   .    .    (36) 
where 


tan  J>x 


and  ' 

Let  V»^2~q:^p  be  represented  by  the  letter  R,  and  \/»'2+(A?+A')2 
by  R';  then,  remembering  that  ir  =  ^^ — ^,  and  i  =  j-,  and 

a'  =  7" ,  where  K  =  1  and  u  =  1  for  air,  we  have — 


•+>'=»-3-/i«isV|.{""*^+^"°*i-l 


Hence- 


»=rxV.\/ff»»*S-*  ■  ■     •  "«' 
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where 


tan  <f>i  =  — ,  and  tan  ^  =^      , — ~ 


Accordingly,  the  value  of  t  »  or  the  horizontal  distance  at  which 

1 
the  wave  amplitude  falls  to  -  of  that  at  the  origin,  can  be  numeri- 

€ 

cally  calculated  when  the  values  of  pi,  V,  and  s'  are  given.  In  the 
case  of  air  ^  =  — .     Thus  for  very  dry  soil  we  might  have  values 

4:77 

2 
as  follows :  5  =  9  X  lO^o  x  10-i«,  V  = -r-,  and  we  may  take/;  to  be 

2iT  X  10®.     It  can  then  be  shown  from  eqiiation  (36)  that  7  =  4 

kilometres. 

In  the  above  manner  Dr.  Zenneck  has  calculated  the  distances 

for  diminution  of  amplitude  to  -  for  terrestrial  surface  materials  of 

various  conductivities  and  dielectric  constants,  and  for  an  assumed 
wave  length  of  300  metres,  corresponding  to  a  frequency  of  10^^,  and 
set  out  the  results  in  curves  reproduced  in  Fig.  6. 
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Fig.  6.— Curves  showing  Distance  in  which  Electric  Waves  1000  Feet 
(300  Metres)  in  Length  have  their  Amplitude  reduced  to  l/e  by 
travelling  over  various  Surfaces.    (l>r.  Zenneck.) 


It  is,  then,  at  once  seen  that  there  is  a  certain  soil  conductivity 
which  produces  the  maximum  loss  of  amplitude  for  a  given  distance. 
It  is  clear  that  this  should  be  the  case,  for  if  the  terrestrial  surface 
were  a  perfect  conductor  the  waves  would  not  penetrate  into  it  at  all. 
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whilst  if  it  were  a  perfect  non-conductor  there  would  be  penetration, 
but  no  dissipation  of  energy  as  heat. 

From  our  equations  other  important  deductions  can  easily  be 
made  as  to  the  depth  at  which  the  amplitude  of  the  waves  penetrating 

into  the  earth  is  reduced  to  an  assigned  fraction,  say  -  of  that  at 

the  surface.  For  if  we  refer  to  equations  (26),  it  is  seen  that  the 
magnetic  force  /S'  is  a  function  of  z  the  depth  below  the  surface. 
Hence,  if  we  put  ^  =  0  we  have— 

where  JSq'  is  the  force  at  the  surface. 

Now,  the  exponent  B  is  a  complex  quantity  of  the  form — 

-(c+jV/) 
and  if  /  is  a  certain  depth  at  which  the  amplitude  is  -  of  that  at  the 
surface,  we  have — 

If,  then,  /  =  -,  we  have — 

d 

or  --.  is  the  depth  at  which  the  wave  amplitude  is  reduced  to  -  of  that 

at  the  surface. 

Beferring  to  equations  (29),  it  is  seen  that — 


T'2 
B2  =  -ip^-^^ 


and  also  thai; — 


qi  =  —jp 


Henoe — 


B 


-V  T' 


But  wc  have  shown  in  equation  (36)  that  q  can  be  expressed  in  the 
form — 


U    V 


V'.,'2  4_^2(yfc+>)2^ 


It  follows,  then,  that  since  T*  =  «'  +  jjf?//  and  T  =  j?  +  jpK  ttia* 
we  have — 
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where  tan  ^  =  ^,    tan  ^  =^^— i — " 


8'  •  -  8' 

and  tan  ^  =  — 

Now  we  know  that — 

eK*.-tr-f)  =  co8(^-f-f)+/8in(^,-^-f) 

and  if  B  =  <;  +i^»  ^^^"^  eqnatmg  real  and  unreal  parts,  and  remem- 
bering that  «  =  0  f or  air,  we  find  for  the  value  of  d  the  expression 

and  2  gives  us  the  depth  at  which  the  wave  amplitude  is  reduoed  to 

-  of  that  at  the  surfaoe. 
c 

The  expressions  (36)  and  (38)  are  of  great  praotioal  utility. 

For  example,  let  us  suppose  eleotrio  waves  having  a  wave  length 
of  300  metres  or  1000  feet,  are  travelling  over  sea-water.  The 
question  is,  How  far  does  this  wave  penetrate  into  the  water  before 

its  amplitude  is  reduoed  to  -  of  that  at  the  surface  ? 

c 

The  air  has  a  dielectric  constant  E  =  1  and  a  conductivity  zero. 

Sea-water  has  a  resistivity,  say,  of  100  ohms  of  centimetre  cube. 

Hence  for  air 


for  sea- water 

Also 
Therefore 

and 

and 


A;  =  7—  and  «  =  0 

^      80      ,   ,      9xlO«o 


tan^=^==ao     .-.^  =  90' 

8 

Accordingly 

_ V27r  X  10«      /(81"xT^"0i8T^[660^"l0^^       A 
""    3  x'lOio    V     VBI  X  1018  ^- 1640  'x"^10i^~  V2 
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which  is  very  nearly  to  v>x.     Hence,  ^  =  50  cms.,  or  the  amplitude 

of  the  wave  would  be  reduced  to  0*367  of  the  amplitude  at  the 
surface  at  a  depth  of  i  metre.  Hence,  below  a  depth  of  4  or  5 
metres  there  could  be  no  amplitude  at  all.  In  other  words,  when 
such  waves  travel  over  sea- water  their  effect  is  wholly  confined  to 
a  surface  layer  a  few  feet  in  thickness. 

If,  however,  we  consider  the  propagation  to  take  place  over  very 
dry  soil,  for  which  the  conductivity  in  electrostatic  units  might  be 

IQSO 

as  small  as  9  X  vt^t^i  ^^  should  find  that  the  value  of  the  distance 

low 

-  might  then  amount  even  to  100  metres  or  more,  showing  that 

the  penetration  of  the  wave  into  soil  of  small  conductivity  and  small 
dielectric  constant  is  very  considerable.  Dr.  Zenneck  set  out  the 
results  of  calculations  for  various  cases  in  a  series  of  curves  as  given 
in  Kg.  7. 
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FiQ.  7.— Depth  of  Penetration  of  Waves  1000  Feet  in  Length.    (Dr.  Zenneck.) 

The  conclusions  to  which  the  above  investigation  leads  are  that 
in  the  case  of  radiotelegraphy  the  nature  of  the  earth's  surface 
material  between  the  sending  and  receiving  stationa  must  exercise 
a  very  important  influence  on  the  wave  energy  captured  by  a  given 
receiving  antenna  at  a  given  distance ;  and  &at  the  transmission  is 
effected  with  the  least  loss  over  sea.  This  is  entirely  in  accordance 
with  experience.  Again,  the  results  show  that  the  effect  of  dry  soil 
in  reducing  the  wave  amplitude  is  as  much  due  to  its  small  dielectric 
constant  as  to  its  small  conductivity. 

Dr.  Hack  has  shown  in  another  paper  that  under^und  water  or 
moisture,  not  on  the  surface  layer,  is  of  assistance  m  reducing  the 
losa  of  wave  ampUtude.' 

A  matter  of  great  practical  importance  is  the  consideration  of 

*  See  F.  Hack,  "  Die  Ansbreitong  ebener  elektromagnetischer  Wellen  langs 
einee  geschiohteten  Leiters,  besonders  in  der  Fallen  der  drahtloeen  Telegraphie,'' 
Annalen  der  Phynk,,  vol.  27,  p.  48, 1908. 
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the  effect  of  wave  length  on  the  dissipation  of  wave  energy  by  soil 
absorption.  If,  for  instance,  we  propagate  over  sea  and  land  electric 
waves  1000  feet,  and  also  of  10,000  feet  in  wave  length,  what  differ- 
ence in  the  loss  of  wave  amplitude  by  soil  absorption  will  be  pro- 
duced ?  This  question  can  be  answered  by  the  help  of  equation  (36). 
We  will  consider  the  case  of  transmission  (1)  over  sea ;  (2)  over 
moist  land ;  (2)  over  very  dry  land. 

1.  Trarismission  over  Sea, — The  resistivity  of  sea-water  may  be 
roughly  taken  as  100  ohms  per  centimetre  cube.  Hence,  «'  =  9  X  10» 
electrostatic  units.     The  dielectric  constant  of  sea- water  =  K  =  80 ; 

80 
therefore  kf  =—.     The  dielectric  constant  of  air  =  1  :  therefore 

-^- 

We  shall  take  the  case  of  waves  300  metres  and  3000  metres  long. 
(a)  A  =  300    metres,    7t  =  10«,   p=z2nX  10»,    pk'^^AOx  10«, 

p{k  +  ¥)  =  40-5  X  10«,  tan  ^i  =^4"'  =  0-00444,  tan  ^2  = -*  f^  = 

00045. 

Therefore 

sin^i-~*^  =  ilO-* 

Now,  «'2  ^p2]ff2  is  nearly  equal  to  »'«  +pl^ik  +  Ar')2.  Hence  from 
(36) 

.       27r  X  10«  1  1  1    ,        ,  . 

^  =  3xl0io-2105=l6»('^^^^y) 

or  7  =  10,000  kilometres. 

0 

{h)  Suppose  A  =  3000  metres,  n  =  10^,  jt?  ===  27r  X  106,jt?ib'=  4  x  10«, 
p{]c  +  V)^ 40-5  X  106,  tan  ^i  =  ^^  =  0000444,  tan  ^  =?'(*-t*l^ 

8  S 

=  0000445. 


Therefore 

Bin  ^-^^'  =  i  10-e 
2  ^ 

.       27rXl061   1  1,1V 

*  =  3  X  1010  2  iOe  =  ion  ^''^''^^^ 

or  -  =  1,000,000  kilometres. 

0 

We  see,  therefore,  that  although  a  wave  300  metres  long  travels 
over  sea-water  with  small  absorption,  the  lengthening  of  the  wave 
has  yet  a  very  beneficial  influence  in  reducing  the  loss  of  amplituda 

2.  Transmiasim  over  Ordinary  Land  Surface. — Since  the  degree  of 
moisture,  and  therefore  conductivity,  of  land  surface  soils  differ  very 
much,  it  is  difficult  to  give  a  single  number  which  can  be  taken  as 
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the  value  either  of  the  conductivity  or  of  the  dielectric  constant  of 
dry  land.    We  may,  however,  for  the  sake  of  an  example,  consider 
a  case  in  which  the  specific  resistance  of  the  soil  is  10,000  ohms  per 
centimetre  cube  and  the  dielectric  constant  5. 
Then  in  this  case  we  should  have — 

«'  =  9  X  107  A:'  =  ,^,  and  *  +  *'  =  / 

If  we  take  A  =  300  metres,  then  we  have — 

JO  =  27r  X  10«    pk'^^  10^    p{k  +  A;')  =  3  X  10« 
Hence 


^^  =  ,  L  =  0-028  =  tan  1°  36' 
8        180 


and 


Therefore 


p(k  +  k')  ^   6    ^  ^.^3^  ^  ^^^  ^o  54. 
s  180 

sin ^i-:~-^2_  00026 

27r  X  10«  26     _  52 

3  X  1010  ^  10,600""  108 

since  s'^  -\-p^k^^  is  so  nearly  equal  to  s'^  +2>^(*  +  k')^*  and,  there- 
fore, -  =  20  kilometres. 
0 

If,  then,  we  take  A  =  3000  metres,  we  find  in  the  same  manner 
1 
-  =  2000  kilometres.    This  shows  clearly  that  lengthening  the  waves 

from  300  to  3000  kilometres  greatly  reduces  the  wave  absorption 
over  land. 

3.  However  we  take  the  case  of  an  exceedingly  drv  surface  soil 
having  a  resistivity  of  10  megohms  per  centimetre  cube,  we  should 
find  that  lengthening  the  waves  from  300  to  3000  metres  produced 
hardly  any  appreciable  improvement  in  the  loss  of  wave  amplitude. 

Accordingly  we  can  draw  the  foUowing  conclusions  as  to  the 
efifect  of  wave-length  upon  radiotelegraphic  transmission. 

1.  In  the  case  of  transmission  over  sea,  the  absorption  for  waves 
of  300  metres  long  is  not  very  large ;  but,  nevertheless,  increasing 
the  wave  length  to  3000  metres  is  an  advantage. 

2.  In  transmission  over  land  the  absorption  of  waves  300  metres 
long  is  very  sensible,  and  increasing  the  wave  length  to  3000  metres 
produces  a  very  beneficial  effect. 

3.  In  the  case  of  extremely  dry  soil  the  terrestrial  absorption  is 
very  large,  and  increasing  the  wave  length  from  300  to  3000  metres 
produces  no  very  marked  improvement. 

The  final  conclusion  is  that  the  superior  transmission  over  sea  is 
due  to  the  relatively  high  conductivity  and  high  dielectric  constant  of 
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sea- water,  and  that  in  the  case  of  transmission  over  land  it  is  necessary 
to  employ  very  long  electric  waves  to  obtain  efficient  transmission. 

The  subject  has  also  been  fully  discussed  by  Brylinski  (see 
Scimce  Abstracts,  vol.  10,  A.,  p.  103,  1907,  or  The  Elsarieian,  vol.  57, 
p.  970,  October,  1906). 

Brylinski  examines  the  general  theory  of  the  penetration  of  the 

wave  into  the  soil  when  a  plain  wave  passes  over  it  with  magnetic 

force  parallel  and  electric  force  perpendicular  to  the  surface.    He 

takes  the  average  resistivity  of  soil  to  be  66  ohms  per  metre  cube, 

which  is  rather  low,  and  that  of   sea-water  to  be  3*73,  which  is 

107 
rather  high.     For  a  frequency  of  ^— ,  he  shows  that  the  current 

or  wave  would  penetrate  into  such  soil  about  50  metres,  and  that 
95  per  cent,  of  it  would  be  within  6  metres  of  the  surface.  In  the 
case  of  sea-water  it  would  be  about  0-25  metre. 

Brylinski  has  considered  the  effect  of  the  damping  of  the  oscilla- 
tions on  the  terrestrial  absoxption.  He  found  that  damping  causes  a 
somewhat  comphcated  distnbution  of  the  current  at  various  depths. 
In  the  upper  layer  the  current  density  diminiishes  somewhat  more 
rapidly  than  the  undamped  currents,  and  then  at  a  certain  depth 
more  slowly. 

Owing  to  the  rapidity  of  decrease  of  current  density  with  depth, 

the   current  is  practically  confined  to  a  certain  strip  or  layer,  the 

resistance  of  which,  in  spite  of  the  infinite  extension  of  the  soil 

downwards,  is  a'  perfectly  definite  quantity,  which  increases  with 

the  resistivity,  frequency,  and  permeability  of  the  soil  and  with  the . 

damping  of  the  oscillations.     Thus,  for  a  soil  of  resistivity  66  ohms 

107 
per  metre  cube,  and  a  frequency  of  ^r-,  the  current  density  at  a 

depth  of  5  metres  is  only  21  per  cent,  of  that  at  the  surface,  and  at 
a  depth  of  10  metres  only  4  per  cent.,  and  at  15  metres  less  than 
1  per  cent,,  assuming  that  undamped  waves  are  employed.  This 
implies  that  for  these  waves  the  penetration  is  confined  to  a  depth 
of  about  15  metres.  In  practical  experience  it  is  found  that  the  soil 
in  certain  places  is  particularly  absorptive,  and  hinders  very  much 
the  propagation  over  it  of  waves  of  certain  wave  lengths. 

Thus,  Dr.  L.  W.  Austin,^  conducting  experiments  at  Brant  Bock, 
U.S.A.,  for  the  United  States  Navy,  with  the  aid  of  the  two  cruisers 
Birmingham  and  Salem,  noticed  the  following  facts:  It  was  found 
that  whilst  the  Birmingham  lay  off  Newport,  signals  received  at 
Brant  Bock  48  miles  away,  sent  from  the  ship  with  wave  length  of 
1000  metres,  were  very  weak  and  lost  95  per  cent,  of  their  energy  in 
reaching  Brant  Bock  receiver.  If,  however,  signals  were  sent  with 
waves  of  3750  metres  length  they  arrived  without  sensible  loss. 
This,  as  Dr.  Austin  remarks,  shows  that  the  soil  round  and  north  of 
Newport,  which  is  not  far  from  New  York,  absorbs  very  powerfully 
waves  of  1000  metres  wave  length. 

The  following  table  gives  the  results  of  the  experiments  : — 

*  See  Dr.  L.  W.  Austm  on  Badioielegraphy,  The  Journal  of  the  Wcahinijton 
Academy  of  Sdencea,  vol.  i.,  November,  1911. 
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TABLB  n. 

Wttf*  tangth  In 

1  8«idliig  aatenna 
cwraits  in 
•mperM. 

BaoelTlnK  antoin*  cnmot  In 
nforoamperts. 

AlMorplloa«r 
ilgMUsin 

Obserrcd.              Calcnkted. 

peroent 

1000 
8760 

28*7 

1 

26-8 

1050 
1600 

5400 
1550 

95 
0 

The  oalcTilated  or  predicted  value  of  the  received  signals  was  made 
with  the  aid  of  the  Austin-Cohen  formula  given  in  the  last  section  of 
Chapter  YIII.,  based  upon  measurements  made  at  a  known  short 
distance  from  the  transmitter  when  using  the  same  aerial  current. 

In  this  connection  it  is  important  to  notice  that  our  knowledge  of 
the  true  electric  conductivity  of  various  earth-crust  materials  and  of 
sea-water  for  high-frequency  currents  is  still  very  imperfect.  It  has 
been  proved  by  experiments  made  by  the  author  and  Mr.  Dyke  that 
the  tnie  conductivity  of  most  dielectrics  for  alternating  currents  is 
very  much  greater  tiian  for  steady  currents ;  and  for  frequencies  up 
to  5000  the  conductivity  of  many  dielectrics  is  a  linear  function  of 
the  frequency.  Experiments  undertaken  at  the  author's  suggestion 
by  Dr.  Bairsto  in  the  Pender  Electrical  Laboratory  of  University 
College,  London,  have  shown  that  for  frequencies  of  the  order  of  ICK^ 
the  conductivity  of  certain  earth-crust  dielectrics,  such  as  slate  or 
marble,  is  still  greater  than  for  telephonic  frequencies  and  reaches  a 
maximum  for  a  certain  frequency.  Thus  in  the  case  of  dry  slate 
the  author's  experiments  ^owed  that  at  a  frequency  of  920  a  certain 
sample  of  dry  slate  had  a  specific  resistance  of  20  megohms  per 
centimetre  cube ;  at  3000  it  had  a  resistivity  of  7*5  megohms,  and  at 
5000  of  5  megohms,  whereas  at  a  frequency  of  2*5  X  10^  Dr.  Bairsto 
found  resistivity  of  only  0*4  megohms.  At  still  higher  frequencies 
the  resistance  tended  to  increase  again. 

Hence  we  can  say  that,  generally  speaking,  the  earth's  crust  is  a 
much  better  conductor  for  currents  of  radiotelegraphic  frequency 
than  for  low  frequency  currents.  This  will  tend  to  reduce  the  dis- 
sipation of  energy  of  electric  waves  moving  over  it,  and  also  of  the 
penetration  of  the  wave  into  the  earth's  crust. 

2.  The  Effect  of  ObBtaoleB  and  of  Atmospheric  Conditions 
between  the  Sending  and  ReceiTing  Antennss.— Although  earlier 

observations  seemed  to  show  that  hills,  trees,  and  buildings  did  not 
form  an  insuperable  barrier  to  telegraphic  communication  by  electric 
waves,  yet  later  quantitative  measurements  have  proved  that  the 
effects  produced  by  the  interposition  of  such  obstacles  is  quite 
sensible,  and  in  some  cases  very  pronounced. 

The  diminution  pf  signalling  distance  due  to  the  interposition  of  hills 
and  difb  of  various  materials  and  heights  has  been  carefully  investi- 
gated by  Admiral  Sir  Henry  Jackson,  for  the  British  Navy,  and  his 
results  were  commimicated  to  the  Boyal  Society  of  London  in  1902.7 

'  Bee  Captain  (now  Admiral  Sir)  H.  B.  Jackson,  R.N.,  F.R.8.,  "  On  some 
Phenomena  affecting  the  Transmission  of  Electric  Waves  over  the  Surfaice  of  Sea 
and  Barth/'  Proc,  Boy.  Soc.  Land,,  1902,  vol.  70,  p.  254. 
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The  experiments  were  conducted  between  ships  of  the  British 
Navy  provided  with  apparatus  on  the  Marconi  system,  the  cymoscope 
used  being  a  metallic  filings  coherer,  and  the  test  employed  being  the 
maximum  distance  at  which  good  Morse  signals  could  be  sent  between 
two  ships.  The  transmitting  and  receiving  apparatus  were  timed,  and 
the  wave  length  employed  was  the  fundamental  one  used  in  the  British 
Navy,  The  wave  length  used  is  not  precisely  stated  in  the  paper,  but 
was  probably  500  or  1000  feet.  In  describing  the  results,  we  shall 
quote  freely  from  Admiral  Jackson's  paper.  The  observations  proved 
that  the  interposition  of  land,  especially  rocks  of  certain  kind,  greatly 
reduces  the  maximum  signalling  distance  between  ships  equipped  wiUi 
wireless  telegraph  apparatus  as  compared  with  the  distance  over  open 
sea  for  the  same  equipment.  The  results  are  collected  in  the  tables 
on  pp.  818  and  819.  These  tables,  III.  and  lY.,  and  accompanying 
diagrams  1  to  8  given  in  Plate  VII.  (see  opposite),  are,  by  kmd  per- 
mission, taken  from  Admiral  Jackson's  paper. 

In  reference  to  the  above  observations.  Admiral  Jackson  says — 

* 

"  An  examiiiAtion  of  these  results  shows  the  marked  differ enoe  between  the 
effects  due  to  the  various  natures  of  the  intervening  land. 

^'  Summarizing  them  for  soft  rooks,  hard  limestone,  and  limestone  containing 
a  large  proportion  of  iron  ores  respectively,  the  percentage  of  maximnm  signalling 
distance  through  them  compared  to  the  open-sea  distance  is  as  follows : — 


Maximum  distance 
Minimum         „ 
Meian  „ 

"  Consider,  firstly,  the  soft  rooks :  The  two  maxima  percentages  of  distance 
(81  and  80)  are  over  rather  low  land  of  no  great  thickness ;  the  minimum,  56  per 
cent.,  is  over  high  land,  half  as  thick  again  as  in  these  cases. 

"  Secondly,  the  limestone :  The  maximum  percentage  (68)  is  over  the 
thinnest  layer  recorded  of  limestone  (see  86  in  Tahle  III.,  p.  818,  and  corre- 
sponding diagram  in  Plate  VII.  opposite),  the  minimum  (less  than  25)  is  over  a 
precipitous  high  mountain  through  which  no  signsJs  could  be  passed  at  any 
distance,  though  they  were  obtained  without  difficulty  over  a  low  promontory  of 
the  same  island  and  of  the  same  formation,  when  both  ships  had  moved  to 
such  positions  as  to  bring  the  low  instead  of  the  high  land  between  them 
(3^  and  3^). 

"  Thiraly,  the  rocks  containing  iron  ores :  In  all  these  oases  a  greater  loss  of 
proportional  distance  is  recorded  than  in  the  others — and  it  was  exceptional  to 
receive  any  signals  at  all — and  the  best  result  recorded  in  several  trials  was  but 
89  per  cent,  of  the  open-sea  distance. 

"  The  results  shown  in  Fig.  6  are  the  most  conclusive  that  I  have  obtained  in 
proving  the  screening  effect  of  hard  rocks  containing  iron  ores  on  the  passage  of 
electric  waves  through  land.  The  pinnacle  of  rook  shown  therein  represents  an 
extremely  precipitous,  narrow,  but  high  promontory  jutting  out  from  the  main- 
land and  rising  abruptly  out  of  the  sea,  to  which  it  is  steep  to,  so  that  the  ship 
could  pass  close  to  it  in  perfect  safety  at  a  distance  of  about  100  yards. 

"  To  ascertain  the  effect  of  this  wedge-like  obstruction,  the  ship  was  steered 
close  to  the  land,  and  her  position  was  carefully  noted  when  signals  oeaaed  or 
commenced.  These  signals  were  being  sent  continuously  from  another  vessel 
(distant  18  miles)  during  the  whole  period  of  the  trials,  the  letter  F  (-  - 


SoftMadrtooe, 

HAItl 

shale,  etc. 

limestone. 

Ironoref^ 

.'  81 

68 

Less  than  40 

.     56 

26 

23 

.     72 

58 

82 

in  Morse  Oode)  being  made  by  her  at  the  rate  of  twenty-five  per  minute  by  my 
syntonic  transmitter. 

*'  The  results  showed  that  the  signals  ceased  and  commenoed  abruptly  at  the 
moment  that  the  aerial  wire  passed  the  tangent  from  the  transmitting  ship  to  the 
edge  of  the  cliff ;  the  action  was  so  abrupt,  that,  on  one  transit,  the  latter  part  of 
the  long  sign  in  the  '  F '  was  the  first  indication  of  signals  that  was  reoeivea ;  and 
on  another  transit,  in  the  opposite  direction,  the  long  of  the  '  F  *  was  the  last 
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sign  reoeived,  the  short  behig  dropped ;  these  were  unusual  results,  as  the  signals 

generally  die  away  gradually,  the  long  signs  breaking  up,  thus  :  ( ),  and 

the  shorts  appearing  as  dots  (.),  before  any  signs  are  actually  lost. 

"  Another  point  that  may  now  be  considered,  is  the  case  ehown  in  (4&),  when 
signals  could  not  be  exchanged  when  the  ship  was  close  under  the  land,  but  could 
be  when  dear  of  the  land  and  in  the  same  direction  as  before;  the  trial  was 
repeated  on  several  occasions  for  verification. 

"  Possibly  the  case  previously  considered  is  of  the  same  class,  as  it  Ib  note- 
worthy, that  when  the  sldp  was  further  off  the  promontory  and  also  from  the 
transmitting  ship,  thou^  tne  two  ships  were  still  masked  by  high  land  of  much 
greater  thickness  than  before,  a  few  stray  signals  were  received  occasionally, 
which  evidently  passed  over,  not  round,  and  not  through  the  land,  as  the  ship 
was  then  in  a  land-locked  bay. 

'*  Referring  now  to  3e  and  8/,  where  the  intervening  land  was  both  higher  and 
thicker,  and  yet  did  not  stop  signals  at  longer  proportional  distances,  it  may  be 
concluded  tbAt  the  waves  of  electrical  induction,  which  must  pass  from  ship  to 
ship  in  order  to  record  signals,  may  in  certain  cases  pass  through  the  land. 
Thus :  one  of  the  ships  was  lying  alongside  a  perpendicular  cliff  of  considerable 
height,  and  yet  only  experienced  a  loss  of  distimce  of  about  12  per  cent. 

**  8a  gives  a  typical  case  of  waves  passing  through  valleys,  and  the  results  werd 
BO  marked  and  so  frequently  repeated  with  different  ships  and  on  separate  occa- 
sions that  eventually  the  track  of  a  vessel,  proceeding  at  a  known  speed,  could  be 
roughly  estimated,  though  distant  26  miles,  by  noting  the  intervals  between  the 
timiee  when  signals  were  lost  and  when  received,  and  comparins  these  intervals 
with  the  time  taken  by  the  ship  to  cover  the  distances  between  the  valleys,  which 
were  well  delineated  on  the  chart,  and  through  which  the  waves  could  evidently 
wind  their  way  with  less  obstruction  than  by  any  other  route. 

**  We  have  thus  obtained  evidence  that  the  waves  of  electric  induction  may 
pass  (1)  through  land,  (2)  over  land,  (8)  round  land,  but  that  a  large  proportion 
of  their  energy  is  lost  in  doing  so.  (4)  That  the  screening  effect  of  the  land 
varies  with  its  nature,  and  is  greater  for  iron  ores  than  for  Hmestone  alone,  and 
that  for.  this  latter  it  is  greater  than  for  soft  rocks.  No  effects  which  could  be 
attribu^  to  interference  of  waves,  due  to  reflection  from  a  hilly  background, 
have  been  recorded  by  me." 

Admiral  Jackson  then  describes  his  observations  on  the  effect  of 
varying  conditions  of  the  atmosphere  on  the  effective  distance  working 
of  electric  wave  telegraphy.     Me  says — 

**  Some  of  these  conditions  constitute  a  most  serious  obstacle  to  the  effective 
transmission  of  electric  waves  over  medium  distances,  and  are,  in  consequence, 
a  source  of  error  likely  to  be  encountered,  and  which  cannot  be  foretold  nor 
allowed  for  in  wireless  telegraphy. 

**  These  .effects  are  much  less  frequently  noticed  in  temperate  than  in  sub- 
tropical regions.  In  the  Mediterranean  Basin  they  seem  to  be  particularly 
prevalent,  and  most  persistent  in  summer  and  autumn. 

*'  Owing  to  their  sudden  advent  and  their  equally  sudden  cessation,  it  is  most 
difficult  to  carry  out  systematic  or  pre-arranged  experiments." 

He  therefore  confines  his  remarks  to  observations  made  in  various 
parts  of  the  Mediterranean  Sea.  Speaking  of  these  atmospheric  effects, 
he  says  (loe.  cit,) — 

"  The  first  case  is  that  due  to  the  effects  of  lightning  discharges,  which  may  or 
may  not  be  visible  at  the  station  where  its  effects  are  noticed.  As  a  rule,  with 
the  instnmients  in  normal  adjustment,  the  effect  of  every  discharge  is  to  record 
a  signal,  the  exceptions  being  very  few. 

"  The  method  adopted  to  observe  this  was  to  fit  an  electrical  bell,  worked  by  the 
receiving  instruments,  close  to  the  observer,  and  at  night  observe  the  flashes  and 
note  if  the  bell  ranff. 

"  For  detiUiled  observations,  it  was  found  more  convenient  to  record  the  effects 
on  the  tape,  and  this  was  the  method  subsequently  adopted.  On  the  approach  of 
the  area  of  disturbance  towards  the  shi^,  the  first  visible  indication  generally  is 
— the  recording  of  dots  at  intervals  varymg  from  a  few  minutes  to  a  few  seconds ; 
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secondly,  the  recording  of  three  dots  with  a  space  between  the  first  two,  thus : 

( ),  or  £  i  in  the  Morse  Code,  and  this  is  the  sign  most  frequently  recorded 

by  distant  lightning ;  thirdly,  the  recording  of  dashes ;  the  intervals  between 
these  then  gradually  decrease  and  merge  into  irregular  signs,  which  have  some- 
times spelt  words  in  the  Morse  Code ;  Uie  effects  generally  die  out  more  suddenly 
than  they  appear. 

"  They  are  much  more  frequent  in  summer  and  autumn  than  in  winter  and 
spring — in  the  neighbourhood  of  high  mountains  than  in  the  open  sea — in 
southerly  than  in  northerly  winds  (in  the  Mediterranean  Sea) — in  the  front  of 
a  cyclonic  disturbance  of  the  atmosphere  than  in  the  rear,  and  with  a  falling 
barometer  than  with  a  rising  one.  In  settled  fine  weather,  if  present,  they  reach 
their  maxima  between  8  and  10  p  jn.,  and  frequently  last  during  the  whole  night, 
with  a  minimum  of  disturbance  between  9  a.m.  and  1  p.m. 

*'  The  next  cause  which  is  ultimately  connected  with  the  above  is  the  shorter 
distance  at  which  signals  can  usually  be  received,  when  any  electrical  disturbances 
are  present  in  the  atmosphere,  compared  to  the  distance  at  which  they  can  be 
received  when  none  are  present.  The  distance  varies  from  about  90  to  80  per 
cent,  compared  with  that  obtained  in  fine  clear  weather.  It  does  not  in  any  way 
decrease  with  the  increase  of  the  number  of  lightning  discharges  which  register 
their  effect  on  the  instruments,  at  any  given  time,  but  rather  the  reverse,  the 
loss  in  distance  generally  preceding  the  first  indications,  on  the  instrument^  of 
the  approaching  electrical  disturbuice. 

"  A  very  marked  case  is  given  as  an  example :  Two  ships  whose  instruments 
were  in  perfect  order,  and  whose  sea-signalling  distance  was  about  65  miles, 
opened  their  distance  from  each  other  on  a  fine,  calm,  bright  day ;  when  they 
were  22  miles  apart  the  signals  died  away,  though  there  was  no  intervening  land 
or  other  apparent  cause  for  this,  but  it  was  noticed  that  the  barometer  was  falling ; 
the  ships  closed  and  got  into  communication  again.  Atmospheric  disturbances 
were  then  registered  on  both  sets  of  instruments,  and  on  the  ships  opening  out 
again,  no  signals  were  obtained  over  20  miles.  The  trials  were  concluded  shortly 
after,  owing  to  intervening  land.  A  few  hours  later  a  heavy  winter  gale  came 
on,  and  its  approach  had  evidently  been  foretold  by  the  falling  barometer,  the 
loss  of  distance  in  signalling,  and  the  electrical  disturbances  in  the  atmosphere, 
as  shown  by  the  signals  received  on  the  instruments.  No  lightning  flashes  were 
observed. 

^*  On  another  occasion,  during  a  period  of  strong  but  intermittent  atmospheric 
effects,  no  signals  were  obtainable  between  two  ships  up  to  the  usual  maximum 
signal  distfluace.  When  separated  50  per  cent,  beypnd  this  distance,  and  imme- 
diately after  a  particularly  strong  and  persistent  series  of  electrical  discharges, 
the  latter  half  of  a  signal,  which  was  being  transmitted  ver;^  slowly,  was  correctly 
deciphered  at  a  distance  then  considered  phenomenal,  with  the  instruments 
employed  at  the  time.  A  few  minutes  later  the  atmospheric  effects  vanished, 
and  with  them  all  signs  of  further  signals,  tUl  the  ships  had  closed  to  their  usual 
signalling  distance.  This  demonstrates  that  the  actual  electrical  discharges  do 
not  of  themselves  reduce  the  signalling  distance  or  transmission  of  the  waves  at 
all  times,  but  that  they  may,  under  some  circumstances,  assist  that  transmission, 
possibly  by  a  cumulative  effect  of  the  waves  emitted  by  the  discharges  on  the 
-waves  emitted  by  the  transmitter,  these  combining  and  increasing  the  effect  in 
the  receiver. 

'*  Another  observed  effect  which  reduces  the  usual  signalling  distance  is 
probably  due  to  the  presence  of  material  particles  held  in  suspension  by  the 
water  spherules  in  a  moist  atmosphere. 

**  The  Mediterranean  Sea  is,  for  days  together,  frequently  exposed  to  the  force 
of  the  scirocco  wind ;  this  south-easterly  wind  is  laden  with  damp,  and  often 
charged  with  salt  from  spray,  and  dust  particles  from  the  African  coast.  During 
the  continuance  of  these  winds,  the  maximum  signal  distance  is  generally  less 
than  in  winds  (wet  or  dry)  from  any  other  quarter,  the  proportional  distance 
being  from  about  60  to  80  per  cent.  The  effect  of  a  scirocco  wind  can  be  and  is 
allowed  for  in  practical  wireless  telegraphy.** 

In  reference  to  this  question  of  the  effects  of  obstacles,  we  may 
make  mention  of  some  further  interesting  observations  made  by 
Admiral  Jackson,  B.N.,  in  course  of  work  done  in  wireless  telegraphy 
for  the  British  Navy.     They  are  concerned  with  the  production  of 
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areas  of  weak  reception  when  ships  which  are  signalling  to  each 
other  are  placed  in  certain  relative  positions.  Admiral  Jackson,  in 
the  paper  ahove  mentioned  {loc.  ciL),  says — 


"  This  phenomenon  manifteta  itself  by  the  gradual  weakening  and  occasionally 
by  the  total  cessation  of  signals,  as  the  distanoe  between  the  two  ships  increases, 
up  to  a  certain  pomt,  and  their  reappearance  as  the  distance  is  still  further 
increased ;  in  the  majority  of  cases  the  weakening  of  signals  occurs  at,  or  about, 
half  the  signalling  distance  in  the  open  sea,  under  the  same  circumstances,  which 
circumstances  include  the  direct  connection  of  the  aerial  wire  to  one  ball  of  the 
induction  coil  used  for  transmission. 

"  The  three  following  examples  are  tjrpical  oases.  Units  of  distance  are  given 
in  lieu  of  nautical  miles. 

*'  (a)  A  ship.  A,  steamed  away  from  a  station,  B,  to  ascertain  the  maximum 
distance  at  which  she  could  receive  signals  in  the  open  sea. 

"  At  48  units  of  distance  the  signals  weakened,  at  57  they  ceased,  at  65  they 
appeared  again,  and  were  kept  up  to  100  units  of  distance. 

"  (b)  Four  ships,  0,  D,  K,  F,  steered  as  shown  in  the  diagram,  the  maximum 
signallmg  distance  between  each  pair  being  about  100  imits  distance. 

"  (The  results  of  the  signals  transmitted  by  D  are  those  specially  to  be  con- 
sidered.) 

"  In  position  fl)  D*s  signals  were  received  by  E,  F,  not  by  C. 
i»        i»        (2)    yt        f»         ft  t*        »»        F,        ,,     E,  C. 

**  C  did  not  commence  signalling  before  reaching  (2),  and  her  signals  were 
received  by  D  and  E,  and  maintained  by  them  to  position  (8),  when  the  trial  was 
finished. 

**  E's  signals,  which  were  few  in  number,  were  received  by  G  and  D  in  (8),  but 
not  by  D  in  (2). 

**  (c)  In  the  third  example,  ships  D  and  F  carried  out  a  similar  trial  indepen- 
dently. Between  45  and  55  similar  units  of  distanoe  no  signals  could  be  ex- 
changed either  way,  though  at  60  units  and  above,  and  below  40,  the  signalling 
was  perfect. 

"  To  further  verify  that  it  was  the  systom  of  transmission  that  was  the  cause  of 
this  cessation  of  signals,  a  syntonic  method,  of  the  same  approximate  frequency 
of  transmission,  though  of  rather  less  power,  was  used  alternately  with  the  other 
system.  Signals  were  exchanged  perfectly  with  the  syntonic  method,  but  on 
reverting  to  the  other  method  the  signals  again  ceased. 

**  This  was  tried  repeatedly  with  identical  results.  Many  other  similar  cases 
have  been  recorded,  but  the  effecte  are  not  always  so  equally  well  marked,  even 
under  identical  circumstances." 

In  reference  to  the  cause  of  this  effect,  Admiral  Jackson  says — 

**  I  consider  this  effect  is  due  to  want  of  svnohronlsm  in  the  oscillatory  dis- 
charge between  the  spark  balls  of  the  transmitter.  This  want  of  synchronism 
has  also  been  observed  by  others  in  the  photographs  of  oscillatory  spark  discharges.' 
G.  Tissot  *  especially  remarks  that,  in  his  apparatus  (presumably  used  for  a  wire- 
less telegraph  transmitter)  the  images  of  the  successive  sparks  are  not  equidistant, 
and  that  the  first  interval  is  always  greater  than  the  other  intervals,  which  also 
decrease  very  slightly.  This  implies  that  the  first  wave  emitted  is  longer  than 
the  second,  and  so  on.  Owing  to  the  rapid  damping  of  our  form  of  transmitter, 
probably  only  the  first  two  or  three  waves  emitted  are  of  any  practical  value  in 
exciting  the  coherer  in  wireless  telegraphy  at  a  distance  of  80  miles ;  and  to 
excite  it  at  such  distances  with  the  power  used  in  these  transmitters,  it  is  pro- 
bably essential  that  the  effects  of  the  successive  waves  should  be  cumulative  in 
their  action,  and  for  them  to  be  so  they  must  syntonize  with  the  natural  period 
of  oscillation  of  the  receiving  circuit,  which  period,  in  the  cases  under  notice,  was 
the  mean  frequency  of  the  waves  emitted  by  the  transmitter  as  nearly  as  this 
could  be  practically  adjusted. 

**  Consider  the  first  two  waves  emitted,  or  the  interval  between  the  first  and 
fifth  sparks  of  the  oscillatory  discharge,  when  the  third  one  is  not  spaced  midway 

•  Comptes  Bendus,  March  25,  1901,  vol.  182,  p.  768 ;  and  December  2  1901, 
vol.  188,  p.  929. 
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between  them ;  the  resulting  wftyee,  differing  but  little  in  length,  and  moving 
with  equal  velooities  and  in  the  same  direction,  leave  a  point  O  (the  spark 
gap),  the  second  starting  a  mean  wave  length  behind  the  first  one,  and  in  the 
same  phase;  at  some  fixed  point,  P,  in  their  path,  owing  to  the  diflferenoe  in 
their  length,  the  two  waves  will  pass  that  point  in  the  opposite  phase,  and  at 
a  point,  Q,  approximately  double  the  distance  from  O  that  F  is  from  O, 
they  will  pass  Q,  again  in  the  same  phase,  and  so  on,  as  at  all  points  the 
second  wave  is  a  mean  wave  length  behind  the  first  one.  To  exciU  the  coherer 
under  the  conditions  presumed  to  be  necessary  for  long  distances,  the  impulses 
due  to  these  waves  must  svntoniae  with  the  natural  period  of  osciUation  of  the 
receiving  circuit,  and  therefore  these  successive  waves  must  pass  by  that  cironit 
(wherever  it  may  be),  with  the  second  following  in  the  same  phase  as  the  first,  or 
nearly  so,  otherwise  the  tendency  of  the  second  one  will  be  to  weaken  or  annul 
the  affect  of  the  first  one. 

*'  At  the  point  P,  therefore,  when  the  waves  are  in  opposite  phaoe,  it  may 
be  expected  that  signals  will  be  weak,  and  at  Q,  when  they  are  in  phase,  they  may 
be  strong,  but,  owing  to  Q's  distance  from  O  being  double  that  of  P,  the  effect  df 
each  individual  impulse  at  Q  is  only  half  its  effect  at  P,  and  Q  may  be  the 
maximum  distance  from  O  at  which  the  cumulative  effect  of  the  successive  vraves 
will  excite  the  coherer,  even  when  they  are  in  phase  and  in  perfect  syntony  with 
the  receiver  circuit. 

**  I  have  not  yet  been  able  to  investigate  the  exact  cause  of  the  non-synchro- 
nous emission  of  the  waves,  but  I  attribute  these  '  zones  of  weak  signals '  (as  I 
term  them)  to  this  non-synchronous  emission  of  the  waves,  and  to  the  r^id 
damping  of  this  form  of  transmitter,  and  would  observe  that  when  naing  my 
syntonic  transmitter,  in  which  the  damping  is  less  rapid,  I  have  never  noticed 
tnese  effects." 

He  finally  sums  up  his  conolusions  in  this  important  paper  in 
reference  to  wireless  telegraphic  commonication  over  sea  oetween 
ships  as  follows  : — 

"  (1)  That  intervening  land  of  any  kind  reduces  the  practical  signalling  dis- 
tance between  two  ships  or  stations,  compared  with  the  distance  obtainable  in 
the  open  sea,  and  that  this  loss  in  distance  varies  with  the  height,  thickness, 
contour,  and  nature  of  the  land ;  and  that,  based  on  the  results  of  these  observa- 
tions, it  may  be  concluded  that  some  of  the  waves  of  electric  induction,  tnms- 
mitted  by  wireless  telegraphy,  may  pass  through,  over,  and  possibly  round  the 
land,  and  are  comparable  to  the  passage  of  ocean  waves  through  or  over  a  reef, 
or  round  high  land,  which  waves  proceed  along  their  coarse  with  diminished 
energy,  after  passing  such  obstructions. 

"  (2)  That  material  particles,  such  as  dust  and  salt  held  in  suspension  in  a 
moist  atmosphere,  also  reduce  the  signalling  distance,  probably  dissipating  and 
absorbing  the  waves. 

"  (8)  That  electrical  disturbance  in  the  atmosphere  also  acts  most  adversely 
to  the  regular  transmission  of  these  waves,  in  addition  to  affecting  the  receiving 
instruments  by  lightning  discharges. 

*'(4)  That  a  system  of  transmission  in  which  the  oscillations  are  rapidly 
damped  is  irregular  in  its  action  on  distant  receivers,  ovring  to  the  irregularity  of 
the  train  of  waves  giving  rise  to  different  types  of  disturbance  at  different  parts  of 
their  path,  which  may  not  have  at  certain  points  the  necessary  cumulative  effect 
on  the  receiving  circuit^ 

*'  (5)  That  the  earth's  function  in  the  transmission  of  waves  is  most  important ; 
but  that  its  importance  is  secondary  to  that  of  the  aerial  wire,  or  capacity  insu- 
lated in  the  air  above  the  Burfiu)e  of  the  surrounding  sea  or  earth.*' 

Observations  have  been  made  by  Oolonel  George  O.  Sqnier,  of  the 
United  States  Army,  on  the  absorption  of  the  electoomagnetic 
waves  by  trees  and  other  vegetable  organisms.^    These  originated  in 

*  Excerpt  from  Major-General  Arthur  MacArthur's  Report  to  the  War 
Department,  U.S.A.,  on  the  Military  MancBuvres  of  the  Pacific  Division,  1914. 
See  also  British  Patent  Specification,  No.  35,610  of  1904,  of  F.  W.  Howarth,  a 
communication  from  George  Owen  Squier. 
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the  disooyery  that  a  very  good  earth  can  be  obtained  for  a  military 
telephone  line  by  merely  driving  an  iron  nail  into  the  roots  of  a  large 
tree.  It  was  found  that  the  conductiyity  for  telephone  currents  of  a 
growing  tree  in  a  healthy  state  is  such  that  the  nail  liieed  not  be 
driven  in  quite  at  the  root  of  a  tree,  but  may  be  put  into  the  trunk 
30  feet  or  more  above  the  ground  with  equally  good  results.  This 
showed  that  the  electrical  connection  between  a  tree  and  the  earth 
is  very  good,  and  that  the  mass  of  growing  widely  spread  roots  of 
a  large  tree  constitute  a  "  ^ood  earth."  This  led  to  an  attempt  to 
make  use  of  tall  trees  as  wireless  telegraph  antenn®,  by  connecting 
some  point  near  the  base  of  the  tree,  hj  means  of  vdre,  with  some 
point  higher  up  on  the  tree  trunk,  the  pomt  near  the  base  of  the  tree 
being  ei&er  dose  to  the  trunk  or  a  little  way  removed  from  it.  It 
was  shown  by  careful  experiments  that  the  tree  trunk  really  did 
play  the  part  of  an  antenna,  and  that  the  effect  was  not  merely  due 
to  the  elevated  wire.  Experiments  were  then  made  to  ascertain  if 
there  was  any  screening  effect  from  neighbouring  trees  in  the  line 
with  the. receiving  station.  The  wave  length  used  in  most  of  the 
tests  was  about  3CN9  feet  in  length.  No  niunerioal  results  were  given, 
but  it  is  asserted  that  marked  absorptive  effects  due  to  trees  in  the 
mass  were  noticed. 

The  author  has  also  frequently  noticed  the  obstruction  to  long 
electric  waves  by  the  buildings  of  a  city.  This  obstruction  is  much 
greater  t6  waves  of  about  300  feet  in  wave  length  than  to  much 
longer  waves. 

&  The  Effect  of  Earth  CoFTatiiFe  on  Long  Distance  Radio- 
telegraphy. — As  long  as  radiotelegraphy  was  confined  to  distances 
of  not  more  than  100  or  200  miles  it  could  be  reasonably  assumed 
that  the  effect  of  earth  curvature  was  negligible.  When,  however, 
distances  of  2000  to  3000  miles  came  in  question  this  assumption  was 
not  legitimate.  The  transmission  of  signals  across  the  Atlantic  by 
Marconi  at  once  raised  the  ques-  y  l  ^ 

tion  how  far  diffraction  is  con- 
cemed  in  this  long  distance 
working.  It  is  a  familiar  fact 
that  waves  of  sound  bend  round 
an  obstacle  to  a  greater  or  less 
extent.  The  same  thing  happens 
to  a  much  less  degree  in  the  case 
of  light  waves.  The  general 
explajDation  of  light  wave  diffrac- 
tion is  as  follows : — 

Let  C  (Fig.  8)  be  a  radiant 
point  emitting  circular  waves. 
At  any  instant  let  the  wave  have 
arrived  at  the  position  P.    Let  Fio.  & 

O   be    any    point    further   on. 

Then  by  Huyghen's  principle  the  effect  or  disturbance  at  O  is  due 
to  the  sum  of  all  the  secondary  waves  propagated  outwards  from  all 
points  in  the  circular  wave  front  which  has  reached  P.  With  O  as 
centre  describe  a  number  of  arcs  of  circles,  the  radius  of  each  being 
greater  than  the  next  one  by  ^A,  where  A  is  the  wave  length,  and 
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let  these  arcs  cut  the  wave  front  into  sections  or  elements  PM, 
MM^,  M2M2,  etc.,  which  we  shall  call  half  wave-length  elements. 
It  is  clear  that  ^  the  length  of  the  arc  PM  is  greater  than  the  length  of 
the  arc  MM^  and  so  on,  and  that  as  we  move  outwards  along  the 
wave  front  these  arcs  tend  to  hecome  equal.  Corresponding  to  every 
point  in  the  arc  MM2  there  is  therefore  a  point  in  the  arc  PM 
such  that  the  difference  of  their  distances  from  O  is  equal  to  ^A. 
Hence  the  waves  sent  out  hy  these  two  points  will  he  in  opposition 
as  regards  phase.  We  may  assume  that  the  number  of  wave-making 
points  or  centres  of  disturbance  in  each  Httle  arc  is  proportional  to 
the  length  of  the  arc.  It  is  therefore  evident  that  the  further  the 
arcs  are  taken  from  the  pole  P  of  the  wave,  the  more  completely 
they  neutralize  each  other's  effects  at  O  when  taken  pair  and  pair 
consecutively.  Accordingly,  the  disturbance  at  O  will  be  chiefly  due 
to  the  middle  portion  of  the  wave,  viz.  that  which  hes  near  P,  and 
will  be  destroyed  by  any  opaque  object  placed  near  the  central 
portion  of  the  wave. 

In  the  case  of  light  waves  the  wave  length  is  very  small  compared 
with  the  distances  OP,  GP,  and  hence  the  effective  portion  of  the 
wave  front  is  very  closely  confined  to.  a  smaU  area  round  the  pole  P. 
If,  therefore,  an  opaque  screen  is  placed  so  as  to  cut  off  half  the  wave, 

only  a  very  small  part  of  the 
space  within  the  geometrical 
shadow  will  receive  light,  viz.  up 
to  such  a  limiting  distance  OD, 
bounded  by  a  point  D,  from 
which,  if  radii  increasing  by  JA 
are  drawn,  the  lengths  of  the 
arcs  PMi,  MM^  cut  off  on  the 
wave  front  differ  by  a  sensible 
amount.  The  depth  OD  (see 
Fig.  9)  will  increase  with  the 
jijQ^  9^  wave  length,  because  the  greater 

the  wave  length  the  further  round 
the  wave  front  does  the  inequality  in  length  of  the  half  wave  length 
elements  extend.  Accordingly,  in  the  case  of  hght  waves  there  is  an 
illumination  which  extends  slightly  within  the  boundary  of  the 
geometrical  shadow,  but  fading  off,  and  in  any  case  very  small. 
On  the  other  hand,  if  we  are  dealing  with  long  electric  waves,  or 
with  soimd  waves  of  which  the  wave  length  is  not  small  compared 
with  the  distances  PO  or  PC,  then  this  bending  round  or  diffiraction 
is  very  sensible,  and  there  is  no  sharply  defined  edge  to  the  shadow. 

In  the  case  of  radiotelegraphic  electric  waves  having  a  length  of 
1000  feet  er  more,  natural  objects,  such  as  cliffs  or  hills,  do  cast  what 
may  be  called  electromagnetic  shadows ;  but  the  longer  the  wave 
length  the  less  well  defined  is  this  shadow.  The  wave  lengths  at 
present  employed  in  Transatlantic  and  other  long  distance  radio- 
telegraphy  are  of  the  order  of  20,000  feet.  The  transmission  of  these 
over  distances  of  3000  to  4000  miles  round  the  earth  is  an  everyday 
feat,  and  readable  radiotelegraphic  signals  have  been  sent  and  received 
over  distances  of  6000  miles,  or  about  one-quarter  of  the  circumference 
of  the  earth.     Such  waves  are  about  4  miles  in  length  or  one- 
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thousandth  of  the  earth's  radius.  This  is  nearly  the  ratio  between 
the  wave  length  of  rays  of  yellow  light,  and  the  radius  of  a  very  small 
sphere  about  half  a  millimetre  in  diameter.  The  question  then  at 
once  arose,  whether  pure  diffraction  could  account  for  the  whole  of 
the  effect  at  a  distance  in  the  case  of  radiotelegraphy  ?  Mathe- 
maticians, therefore,  began  to  consider  the  problem  of  electric  wave 
propagation  round  a  conducting  sphere. 

The  problem  was  first  attacked  by  Prof.  H.  M.  Macdonald  in 
1903,^*^  but  his  analytical  methods  were  criticized  by  Lord  Bayleigh 
and  the  late  M.  Henri  Poincar6." 

In  a  subsequent  paper  Macdonald  corrected  his  work,  and  gave  a 
table  showing  the  decay  in  amplitude  of  electric  waves  1000  feet  long 
in  being  propagated  round  the  earth.*'  The  question  was  then  dis- 
cussed by  Dr.  J.  W.  Nicholson  in  a  series  of  papers  in  the  Philo- 
sophical Magazine,^  and  also  reconsidered  by  M.  H.  Poinoar^'*  in 
some  lectures. 

The  conclusion  to  which  Macdonald,  Nicholson,  and  Poincar^  all 
arrived  was  that  the  ratio  of  reduction  of  wave  amplitude  involved  an 
exponential  factor,  the  exponent  varying  inversely  as  the  cube  root  of 
the  wave  length. 

In  a  more  recent  paper  (see  Proc,  Roy,  Soc,  Lond.,  vol.  90, 
series  A,  p.  50,  1914),  Prof.  Macdonald  has  reconsidered  the 
whole  subject,  and  given  a  table  for  the  diffraction  of  waves  varying 
in  wave  length  from  320  to  5000  metres  over  distances  up  to  1260 
miles  round  the  earth. 

Meanwhile  Prof.  A.  Sommerfeldis  had  treated  the  problem 
of  the  propagation  of  electric  waves  from  an  oscillator  placed 
vertically  at  the  plane  boundary  of  two  dielectric  media  of  different 
conductivities  and  had  proved  that  there  must  be  not  only  a  space 
wave  but  a  surface  wave  propagated  along  the  boundary  of  the  two 
media. 

This  is  somewhat  analogous  to  the  surface  wave  which  Lord 
Bayleigh  showed  in  1885  must  exist  at  the  surface  of  an  elastic  solid, 
when  a  disturbance  is  made  in  its  interior. 

Thus  in  the  case  of  the  earth  any  internal  shock  will  create  two 
types  of  waves,  one  due  to  the  elastic  resistance  of  the  material  to 
compression,  and  the  other  due  to  its  resistance  to  distortion. 
These  waves  are  space  waves,  but  travel  through  the  medium 
with  different  velocities,  viz.  about  10  km.  and  5  km.  per  second 
respectfully  in  the  case  of  the  earth.  But  owing  to  the  fact  that  the 
surface  molecules  are  in  an  exceptional  position  there  is  also  a  pro- 
duction of  a  surface  wave  which  travels,  in  the  case  of  the  earth, 
with  a  velocity  of  about  3  km.  per  second.  In  the  same  manner  at 
the  bounding  surface  of  two  dielectrics  of  different  qualities  there  is  a 

'-"  See  H.  M.  Macdonald,  Proc,  Boy.  Soc.  Land.,  vol.  71  A,  p.  261, 1903 ;  also 
vol.  72  A,  p.  69, 1904. 

"  See  Lord  Rayleigh  and  M.  Poincare',  Proc,  Ray.  Soc.  Lond.,  vol.  72  A,  1908. 

»  See  H,  M.  Macdonald,  PhiL  Trans.  Roy.  8oc.,  vol.  210  A,  p.  118.  1910. 

*'  See  J.  W.  Nicholflon,  Phil.  Mag.,  February,  March,  April,  May,  1910,  vol. 
19,  pp.  276,  486,  616,  767. 

**  See  H.  Poincar^,  La  LumUre  £lectriqtie,  yol.  4,  2nd  ser.,  November  28, 
December  6, 12,  19,  1908.    See  especially  December  12,  p.  828, 1908. 

**  See  A.  Sommerfeld,  Annalen  der  Phynk.,  vol.  28,  p.  665,  1909. 
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surface  electric  wave  which  spreads  out  from  any  point  at  which  an 
osoiUator  exists.  Sommerfeld  shows  that  the  amplitude  of  this 
surface  decreases  inversely  as  the  square  root  of  the  distance. 

Sommerfeld  suggested  that  long  distance  radiotelegraphy  is  con- 
ducted chiefly  by  these  surface  electric  waves.  H.  W.  March  !•  and 
W.  y.  Bybczjrnski  ^^  also  discussed  the  propagation  of  electric  waves 
over  the  surface  of  a  spherical  earth. 

Bybc23mski  agrees  both  with  Nicholson  and  Poincar^  in  the 
conclusion  that  in  the  expression  for  the  amplitude  of  the  electric 

wave  as  affected  by  diffraction  there  is  a  factor  c--^^"'.  In  other 
words  the  amplitude  diminishes  exponentially  and  the  exponent 
varies  inversely  as  the  cube  root  of  the  wave  length.  We  have  then 
to  mention,  in  the  last  place,  a  careful  and  able  examination  of  the 
problem  of  diffraction  round  a  sphere  by  Prof.  A.  B.  H.  Love.i*  He 
examines  critically  the  latest  results  by  Macdonald,  and  agrees  with 
them.  He  also  brings  them  into  comparison  with  the  analysis  of 
Nicholson  and  of  Bybczynski  and  finds  a  certain  difference,  which 
he  exhibits  in  the  foUowing  way  : —  ^* 

Let  H  be  the  magnetic  force  at  the  surface  of  a  perfectly  con- 
ducting sphere  due  to  an  oscillator  placed  at  an  angular  distance  0 
laeasured  along  a  great  circle.  Let  Hj  be  the  force  at  another 
distance  $1  from  the  oscillator.  Then  the  ratio  H/H^  is  expressed 
by  the  following  formula  as  obtained  from  the  results  of  Maodonald, 
Nicholson,  and  Bybczynski  respectively : — 

(Macdonald)       ?-  =  ^^l^^/?^2  c*'«^"  W  i^,  -  -m  w)      (39) 
"^  '      Hj     cos  j^^i  V    sm  1^6  ^  ^    ' 

(Nicholson)       ^^  =  ;y^^^mA"*c,-*) (40) 

(Bybczynski)     g^^^^^^^Ji^uaA -*<•,-•) (41) 

The  only  point  on  which  the  above  analysts  are  in  accord  is  that 
in  the  exponential  term  the  exponent  is  inversely  as  the  cube  root  of 
the  wave  length. 

Before  discussing  these  formuliB  it  is  desirable  to  refer  to  the 
experimental  work  conducted  on  the  measurement  of  the  strength  of 
.radiotelegraphic  signals  at  various  and  very  large  distances  from  a 
sending  antenna. 

i.  Experimental  DeteFmination  of  the  Law  of  Deepease 
of  Electric  WaTelAmplitode  and  Ener^  at  Yarions  Distanoas 
from  an  Oscillator. — ^Hertz  showed,  as  we  have  seen  in  Chap.  V., 
that  at  a  distance  from  a  small  Hertzian  oscillator  the  electric  and 
magnetic  forces  in  the  emitted  wave  vary  inversely  as  the  distance 
from  the  oscillator.  The  energy  in  the  wave  must  decrease  inversely 
as  the  square  of  the  distance  and  as  the  wave  energy  varies  as  the 

**   See  H.  W.  March,   Ueber  die  AuBbreitung  der  Wellea  der  dcahiloeeii 
Telegraphie,  AnruUen  der  Physik.y  vol.  87,  p.  29, 1912. 

"  W.  V.  Bybczynski,  Ann,  der  Phys,,  vol.  41,  p.  191, 191S. 

"  A.  £.  H.  Love,  Trans.  Bay,  Soe,  Land,,  vol.  215  A,  p.  105. 1916. 

1*  See  A.  £.  H.  Love,  Phil,  Tram,  Boy.  Sac  Land.,  voL  215  A,  p.  125, 1915. 
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Square  of  the  amplitade,  the  amplitude  must  yary  inyersely  as  the 
distance. 

The  same  law  holds  good  for  an  earthed  vertical  radiotelegraphio 
antenna  provided  we  are  dealing  with  distances  of  not  more  than  a 
few  hundred  (say  up  to  400)  miles  or  so.  The  law  according  to 
which  the  field  of  such  an  antenna  decreases  was  first  experimentally 
investigated  hy  Messrs.  Duddell  and  Taylor.^    They  operated  with 

Micro- 
Amperes. 

13^000 


too      a00300400500600700800900     «)00     MOO     UDO    l«300 
DiSTAKCB   BBTWKKN  TRAI78MITTBB  AND  BSOEIYXB.  ^^^ 

[Prom  tht  **  J<mmtU  qf  tkft  lnMHM9  i^  SketricoL  Bnginetn.  ** 

Fio.  10. — Curve  showing  the  Variation  of  B.M.S.  Value  of  the  Current  in  the 
Receiving  Antenna  as  the  Distance  between  the  Transmitter  and  Receiver  is 
varied.    From  experiments  by  Messrs.  Duddell  and  Taylor. 

• 

direct-coupled  antennffi,  and  measured  with  a  Duddell  thermal 
ammeter  the  current  in  the  receiving  antenna.  They  used  a  wave 
stated  to  be  400  feet  in  wave  length,  but  which  was  probably  some- 
what longer,  and  they  measured  the  current  with  the  Duddell 
thermal  ammeter  (see  Fig.  32,  Chap.  VI.)  both  in  an  antenna 
untuned  and  in  one  tuned  to  the  incident  wave.  The  results  of 
some  of  their  observations,  giving  the  distances  between  the  stations 
in  feet  and  the  B.M.S.  value  of  the  current  near  the  base  of  the 

*•  Bee  *<  Wireless  Telegraph  Measurements,'*  by  W.  DuddeU  and  J.  E.  Taylor, 
Joum.  Jn9t.  Skc.  Lond.,  1906,  vol.  36,  p.  821. 
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receiving  antenna  in  microamperes  in  the  case  of  the  tuned  and 
untuned  antenna,  are  set  forth  in  the  following  tahle,  and  graphically 
in  the  curves  in  Figs.  10  and  11. 

GUBBEltT  IN  THE  KXCEIVING  AmTBNNA  WHEN  DISTANCE  BETWEEN  THE  SYNTONIC 

Receiveb  and  Tbanbmittbb  is  YABIED. 
Height  of  Beceiving  Antenna,  56  feet.    Height  of  TranamiUing  Antenna,  42  feet. 


Cnirents  in  antennv. 

DlsUnce  in  feel 
between  antenna. 

Product  of  diaUnce  and 

Transmitter. 

Beoelver  . 

carrenl  in  veoeiTing 
antenna. 

Amperee. 

Mioroamperea. 

100 

0-501 

12820 

1-282 

200 

0-507 

6435 

1-287 

800 

0-668 

4548 

1-364 

400 

0-541 

8108 

1-243 

1260 

0-641 

715 

0-901 

2420 

0-506 

288-5 

0-686 

3700 

0-517              '              105 

0-388 

4600                1 

0-558              1                96-5 

0-444 

6220 

0-563              '                69-5 

1 

0-432 

The  interposition  of  trees  was  found  to  affect  the  result  law  of 
variation  sensibly,  but  the  general  result  is  to  show  that  the  currents 
in  the  receiving  antenna  varied  rather  more  rapidly  than  it  should 
have  done  in  accordance  with  the  law  of  inverse  distance,  but  less 
rapidly  than  in  accordance  with  the  law  of  the  inverse  square  of  the 
distance.  The  curves  clearly  indicate  that  at  close  quarters  the 
current  in  the  receiver  varies  more  rapidly  than  at  greater  distances. 
Within  the  distance  of  a  wave  length  there  is  a  very  rapid  decrease, 
which  tends  at  much  greater  distances  to  come  more  nearly  in 
accordance  with  the  law  of  the  inverse  distance.  This  is  quite  in 
agreement  with  the  deductions  from  Hertz's  theory.  He  showed, 
as  explained  in  §  7  of  Chap.  V.,  that  for  a  lineal  oscillator  the 
electric  force  at  a  great  distance  varies  inversely  as  the  distance  from 
the  oscillator,  but  that  this  law  of  variation  does  not  hold  good  at 
relatively  small  distances.  M.  C.  Tissot  (see  The  Electrician,  1906, 
vol.  66,  p.  848)  has  made  similar  experiments  with  a  bolometer 
cymoscope  inserted  in  the  receiving  antenna  circuit,  and  confirmed 
the  fact  that  the  effective  or  E.M.S.  value  of  the  antenna  current  at 
the  receiver  station  approximately  varies  inversely  as  the  distance 
from  the  transmitting  station. 

Over  larger  distances  a  valuable  series  of  experiments  on  this 
subject  was  made  by  Dr.  L.  W.  Austin  and  published  in  1911  in  a 
Paper  on  "  Some  Quantitative  Experiments  in  Long  Distance  Radio- 
telegraphy."  21  This  work  was  carried  out  in  1909  and  1910  by  the 
United  States  by  the  Navy  Department  with  the  aid  of  two  cruisers, 
Birmiynjfuim  and  Salem,  and  the  co-operation  of  the  high-power  radio 
station  at  Brant  Rock,  about  20  miles  south  of  Boston.  This  station 
is  equipped  with  a  steel  tower  insulated  at  the  base  and  420  feet  high. 

*^  Bulletin  of  the  Bureau  of  Standards.    Washington,  1911.    Reprint  159. 
Vol.  7,  No.  3. 
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From  the  top  four  arms  extend,  and  from  each  of  these  a  pair  of 
4-wire  cage  aerial  was  suspended  so  as  to  make  an  umbreUa  antenna 
having  a  capacity  of  0*0073  mfd.  The  antenna  was  loosely  coupled 
to  an  oscillation  circuit  of  the  condenser  spark  type  so  that  a  single 
wave  of  3750  or  else  of  1000  metres  length  was  radiated.  The  spark 
frequency  was  500  per  second,  and  the  power  available  50  to  60 
kilowatts. 

The  cruisers  were  equipped  with  fiat  top  or  T  antennae,  the 

Micro- 
Amperes. 
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IFrom  th€  **Joumdl  of  tA«  InttUuU  of  SUetrieal  Kngineen." 

Fig.  11. — Curves  showing  the  Variation  of  B.M.S.  Value  of  the  Current  in  the 
Receiving  Antenna  as  the  Distance  between  the  Sending  and  Beoeiying 
Stations  is  varied.    From  experiments  by  Messrs.  Duddell  and  Taylor. 

length  of  the  top  being  116  feet  and  the  height  about  130  feet,  and 
these  were  increased  oy  fore  and  aft  cages  so  as  to  bring  up  the 
capacity  to  about  00025  mfd.  The  ships  were  also  furnished  with 
motor  alternators  giving  10  kilowatts  at  a  frequency  of  500.  The 
spark  gap  used  at  both  shore  and  ship  stations  was  a  revolving  one, 
and  the  condensers  were  metal  plates  in  compressed  air. 

The  receiving  arrangements   comprised  hot  wire  and  thermo- 
electric ammeters,  and  by  means  of  these  other  detecting  arrangements 
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were  calibratod,  such  as  a  zincite-ohalcopyrito  contact  rectifier  in 
series  with  a  galvanometer.  This  last  arrangement  was  calibrated 
by  means  of  a  thermoelectric  detector  and  buzzer  circuit  which  could 
be  tuned  to  the  frequency  and  to  the  wave  length  used.  On  board 
ship  a  shunted  telephone  appears  to  have  been  used  as  the  means 
of  measuring  the  signal  strength. 

The  experiments  then  consisted  in  measuring  at  Brant  Bock  the 
receiving  aerial  currents  through  a  total  resistance  of  ^5  ohms 
corresponding  to  certain  sending  aerial  currents  on  board  the  cruisers. 
At  the  same  time  the  distance  of  the  ships  was  known. 

The  received  current  was  first  measured  when  the  ships  were 
quite  close,  viz.  at  22  miles  distance. 

For  the  1000  metre  wave  length  it  was  found  that  the  received 
Qurrent  was  10,500  microamperes  corresponding  to  33  amperes  antenna 
current  on  the  Birmingham  and  11,000  microamperes  for  27  amperes 
on  the  Sdlcm,  For  a  wave  length  3750  metres  the  \nEklues  were  3200 
microamperes  for  27  amperes  sending  currents,  and  4100  micro- 
amperes for  24  amperes  sending  from  the  Birmingham  and  SdUm 
respectively.  The  ships  then  went  off  to  various  distances,  and 
sinular  measurements  were  taken  by  day  and  by  night  up  to  a 
distance  of  1200  miles. 

The  results  were  then  set  out  in  curves  in  which  the  abscissflB 
denote  distance  between  the  sending  and  receiving  station  in  nautical 
miles,  and  the  vertical  ordinates  the  receiving  antenna  current  in 
microamperes.  Observations  made  by  night  were  denoted  by  the 
letter  N  put  against  them  (see  Fig.  12).  The  consideration  of  these 
results  showed — 

(1)  That  up  to  100  or  200  miles  the  received  antenna  currents 
were  nearly  the  same  by  night  as  by  day,  and  varied  very  nearly 
inversely  as  the  distance  from  the  sending  station ; 

(2)  That  beyond  this  distance  the  night  signals  were  much 
stronger,  but  more  irregular  than  the  day  signals ; 

(3)  That  the  values  of  the  receiving  antenna  currents  for  day 
signals  lay  fairly  well  on  a  curve,  but  decreased  much  more  rapidly 
in  strength  than  the  inverse  distance  law  predetermines. 

An  attempt  was  then  made  to  find  an  empirical  formula  for  the 
received  current  which  should  fit  the  observations. 

Austin  seems  to  have  regarded  the  falling  off  in  the  signal  strength 
with  distance  more  rapidly  than  the  inverse-distance  law  as  due  to 
<'  absorption  "  by  the  atmosphere  which  he  thought  would  follow  an 
exponential  law.  Hence  his  formula  was  obtained  on  the  assumption 
that  the  actual  received  antenna  current  could  be  represented  as  the 
product  of  two  factors ;  one  a  factor  f ohowing  the  Hertzian  law  of 
the  inverse  distance,  and  the  other  an  exponential  factor  the  ex- 
ponent in  which  varied  as  the  distance.  This  assumption,  however, 
is  not  justified  by  a  careful  examination  of  the  diffraction  problem. 

Let  us  then  take  the  following  symbols  for  the  quantities  con- 
cerned : — 

If  =  sending  current  at  base  of  antenna  measured  in  amperes. 
1,1  =  receiving  current  at  base  of  antenna  in  amperes. 
I  =  receiving  antenna  current  at  distance  of  1  ldl<Mnetre  from 
sending  station. 
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D  s=  distance   in    kilometres  between    sending    and    receiving 
stations. 
^i>  ^  =  heights  of  sending  and  receiving  antennae. 
A  =  wave  length  in  kilometres. 


I. 

^r^  AMP. 


BIRMINGHAM   RECEIVED  AT   BRANT  ROCK,    JULY.  1910 

~  T 
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[F*rom  SutUUm  <ff  the  Mmnau  qf  SUmdardt^  Watkinfftan,  C7.&  J.,  ToL  T,  No.  8. 

Fig.  12.— Obeervations  taken  by  Br.  L.  W.  Austin,  showing  Variation  of  Radio- 
telegraphic  Signal  Strength  over  long  distances.  Abscissa  in  miles,  ordinates 
in  microamperes.  The  ordinates  of  the  dotted  line  marked  **  onabsorbed  " 
indicate  what  the  received  corrent  should  have  been  if  it  had  been  strictly 
inversely  as  the  distance.  The  firm  black  line  is  a  cunre  calculated  by 
equation  (48). 

Accordingly  Austin  assumed  that  the  receiving  antenna  current 
would  be  expressed  by  the  formula — 

lR=ic-^^ (42) 


D 


3  H 
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From  a  discussion  of  the  observed  receiving  antenna  currents  at 
various  large  distances,  L.  Cohen  deduced  the  empirical  formula — 

Va 

Austin  also  concluded  from  his  observations  that  the  quantity  I 
was  proportional  to  If ^1^2  and  inversely  as  A. 

Mnally  he  embodied  all  the  results  in  a  single  empirical  formula 
as  follows : — 

Ib  =  4'25?^c-^ooi6Dx-'^'    ....     (43) 

This  formula  gives  the  current  in  the  receiving  antenna  through 
a  resistance  of  25  ohms  in  terms  of  the  current  in  the  sending 
antenna,  both  being  measured  in  amperes,  and  all  heights  h^,  Aj* 
wave  length  A  and  distance  D  being  measured  in  kilometres.  The 
formula  applies  only  to  radio  sending  by  daylight  and  over  sea- 
water,  and  for  antenna  heights  from  37  to  130  feet,  and  wave 
lengths  from  300  to  3750  metres,  and  distances  up  to  1000  miles 
or  so. 

This  is  the  formula  employed  in  Chap.  VIII.  in  §  9,  concerning 
the  design  of  radiotelegraphic  stations. 

With  the  exception  of  the  exponential  term,  the  factor  -^rT^  ^ 

Austin's  formula  is  consistent  with  the  expressions  given  by  Hertz 
(see  Chap.  Y.  §  7  (31))  for  the  electric  and  magnetic  force  at  a  consider- 
able distance  from  a  small  oscillator.     For  the  forces  are  shown  by 

H».,  ^  be  p„porti<»»l  to  *i' »  *??,  whe„*i.  «.e  .uj 

T  T 

moment  of  the  oscillator,  and  m  =  27r/A  and  n  =  2w/T,  where  A  is 
the  wave  length,  and  T  is  the  periodic  time  of  the  oscillator,  and  r 
is  the  distance  from  the  oscillator  to  the  point  in  question.  The 
electric  moment^  is  the  product  of  the  maximum  charge  Q  of  the 
oscillator  and  its  length,  and  the  current  at  the  centre  of  the  oscil- 
lator is  proportional  to  Qn.       Hence  ^ —  is  proportional  to  ^^ 

in  the  case  of  the  antenna.  Again,  the  received  current  is  propor- 
tional to  the  product  of  the  length  of  the  receiving  antenna  and  the 
magnetic  or  electric  force  of  the  oscillator  at  that  point.  Hence  the 
Austin-Cohen  formula  is  equivalent  to  the  statement  that  the  mag.- 
netic  force  at  any  point  at  a  large  distance  on  the  earth  from  a  sending 
antenna  is  proportional  to  the  product  of  the  electric  or  magnetic 
force  of  the  osculator  in  free  space,  and  to  an  exponential  attenuation 

factor  e-^''/^^ 

In  other  words,  the  ratio  of  the  forces  at  two  distances  D^  and  D, 
measured  along  a  great  circle  of  the  earth,  or  else  at  two  angular 
distances  0^  and  0  are  assumed  to  be  given  by  the  empirical  formula — 

^  =5jgO-001»X-»/*(D,-D)  =  ^^(»-6)A->/\».-»)   ,      .      (44) 
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There  is,  therefore,  a  considerable  difference  between  this  empirical 
formula  and  the  expression  derived  by  the  mathematical  analyses  of 
Macdonald  and  Love. 

Bybczynski^  has  examined  Austin's  experimental  results,  and 
expresses  the  opinion  that  if  the  kilometre  is  taken  as  the  imit  of 
length,  then  the  exponential  term  in  his  (viz.  Eybczynski's  formula, 

see  equation  (40))  becomes  e'  ^  ,  and  that  this  agrees  better 
with  Austin's  experimental  results  than  the  empirical  formula  given 
by  Austin  himself. 

Another  similar  set  of  long  distance  experiments  of  great  value 
were  carried  out  by  J.  L.  Hogan,  Jr.,  and  are  described  in  T?ie 
Electrician  for  August  8,  1913,  vol.  71,  p.  720.  These  experiments 
were  conducted  between  the  United  States  naval  radio  station  at 
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Fig.  13. — Curves  showmff  the  Variation  of  Signal  Strength  with  Distance 

daring  DayUgbt  (Hogan). 

Arlington,  Va.,  and  the  U.S.A.  cruiser  Salem  at  various  distances  up 
to  4000  kilometres  (see  Fig.  13). 

Hogan  expressed  his  results  in  terms  of  distance  between  the 
sending  and  receiving  stations  reckoned  in  kilometres,  and  an  **  audi- 
bility factor"  defined  as  follows: — The  signals  were  received  on 
board  ship  with  some  kind  of  electrolytic  detector  or  liquid  barretter 
and  a  telephone. 

The  telephone  has  a  certain  impedance  E  for  the  received 
currents,  and  a  shunt  having  an  impedance  S  is  put  across  its 
terminals  and  reduced  until  the  signals  are  only  just  audible,  so  as 
to  distinguish  dots  and  dashes.  Then  the  audibility  factor  A/  is 
defined  by  the  expression — 

A/_  g 


See  Rybosynski,  Annalen  der  Pky9ik,^  yol.  41, 191. 
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where  8  is  the  value  of  the  shimt  which  reduces  the  signals  to  bare 
audibility. 

Hogan  asserts  that  this  audibility  factor  is  proportional  to  the 
square  of  the  receiving  antenna  current.  He  also  alters  Austin's 
empirical  formula  so  as  to  express  antenna  heights  in  feet,  distance 
in  kilometres,  wave  length  in  metres,  sending  antenna  current  in 
amperes,  receiving  antenna  current  in  microamperes,  and  obtains 
an  equivalent  equation  as  follows : — 

I.  (microamperes)  =  ??^i^c-^**^^"''*  .     .     (45) 

For  arithmetic  calculations  we  can  write  the  above  formula  in 
the  form  ^s — 

J   396 .  Ishih2 

^'^  -  HbAK  " 

^      00474  D       00215D 
where  log,„  K  =  ^-^g^^g  ^  = -^- 

In  Hogan 's  experiments  the  effective  height  of  the  Arlington 
antenna  was  450  feet,  and  that  of  the  Salem  130  feet.  The  average 
sending  current  !<  was  23  amperes  on  the  Salem,  with  wave  leng& 
2000  metres,  and  110  amperes  with  wave  length  3800  metres  when 
sending  from  Arlington. 

In  Austin's  experiments  in  1910  he  foimd  that  a  receiving 
antenna  current  of  10  microamperes,  or  received  energy  of  1/400  of  a 
microwatt,  gave  a  just  audible  signal,  but  that  a  received  current  of 
40  microamperes,  or  received  energy  of  1/25  of  a  microwatt,  was 
necessary  for  good  signals. 

In  Hogan's  experiments,  owing  to  improved  apparatus,  a  received 
current  of  about  half  the  above  values  gave  the  same  results. 

Austin  states  the  value  of  the  received  currents  in  microamperes, 
whereas  Hogan  gives  only  the  "  audibility  factor."  It  appears  as  if 
the  value  in  microamperes  of  the  received  currents  in  Hogan's  ex- 
periments can  be  obtained  by  multiplying  the  square  root  of  his 
"  audibility  factor  "  by  4,  but  this  is  not  quite  certain. 

To  gain  additional  light  on  some  of  these  disputed  questions 
another  set  of  radiotelegraphic  measurements  was  made  between 
the  station  at.  Arlington,  U.S.A.,  and  the  cruiser  Salem,  in  February 
and  March  1913.  In  these  tests  shunted  telephone  observations 
were  taken  in  the  daytime  up  to  a  distance  of  1920  nautical  miles 
or  3550  km.,  and  tests  with  the  Fessenden  heterodyne  receiver  up  to 
2100  nautical  miles  or  3800  km.  The  wave  length  used  was  3800 
metres,  and  the  average  sending  current  was  100  amperes.  The 
height  to  the  flat  top  of  the  SalerrCs  antenna  was  130  feet  (39-6  m.), 
and  the  height  to  the  centre  of  capacity  114  feet  (34*5  m.). 

The  similar  measurements  for  the  Arlington  antenna  were  470 
feet  (143  m.)  and  400  feet  (122  m.).  The  results  of  observations 
were  set  out  in  charts  and  compared  with  the  values  predetermined 
by  certain  formulae. 

'^  In  the  formula  as  given  in  Ths  Electrician  of  August  8, 1918,  p.  721,  there 
is  a  mistake  in  the  constant,  whioh  is  given  as  8'92,  whereas  it  should  be  395. 
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Dr.  Austin  modified  his  semi-empirical  formula  (43)  for  the 
receiving  antenna  current  Ir  as  follows : — 

Ir  =  377 il^L_.^-o-ooi6DA-w«      .     .     (46a) 

where  Ir  is  the  current  in  the  receiving  antenna,  and  I«  that  in 
the  sending  antenna,  hoth  measured  in  amperes,  hi  and  A2  are  the 
heights  of  the  sending  and  receiving  antennsB  in  kilometres  reckoned 
up  to  the  centres  of  capacity.  D  is  the  distance  of  the  stations  in 
kilometres,  A  the  wave  length  in  kilometres,  B  the  high  frequency 
resistance  in  ohms  of  the  receiving  system,  and  the  constant  377  is 
nearly  1209r,  whilst  8^  and  Sg  ^^  ^^®  decrements  of  the  sending  and 
receiving  systems. 

In  the  above  formula  the  factor  \/l  +  &   ^^  introduced  because 

damped  oscillations  were  employed.  If  E  is  the  electric  force  at 
the  receiving  antenna  due  to  the  sending  antenna  current,  then  the 
received  current  would  be  proportional  to  £iA2/B  if  undamped  waves 
were  used,  but  if  damped  waves  are  employed  then  the  current  is 

obtained  by  dividing  this  last  by  the  quantity  >y/ 1  +  ^  •     This  is 

quite  easily  proved  as  a  deduction  from  equations  (142)  and  (11)  of. 
Chap.  III.  Austin  endeavoured  to  decide  the  question  whether  the 
exponential  factor  in  the  expression  for  the  received  current  should 
be  €-o-ooi6DA-»'^  or  €-o-«)i»da-»''.  The  former  is  the  empirical  factor 
derived  from  his  measurements  in  1910,  and  the  latter  is,  as  we 
have  above  seen,  the  factor  indicated  by  the  difi&action  theory. 

In  the  measurements  made  between  Arlington  Station  and  the 
cruiser  Salem  in  1913,  the  receiving  system  resistence  B  was  50  ohms 
made  up  of  inductance  25-  ohms,  antenna  and  ground  3  ohms,  and 
resistance  due  to  coupled  secondary  circuit  22  ohms.  The  decre- 
ments were  S^  =  0*06,  82  =  0*14.  The  wave  length  A  =  3800  metres, 
and  sending  current  If  =  100  amperes.  The  telephones  used  gave 
an  audible  response  for  7  microamperes  of  antenna  current  through 
25  ohms.  Hence  the  energy  required  for  an  audible  signal  was 
12*25  X  lO--^  microwatt.  Austin  set  out  the  results  of  these  tests 
in  a  chart  in  which  horizontal  distances  are  miles  or  kilometres,  and 
vertical  distances  the  received  current  in  microamperes. 

It  is  not  quite  clear  how  Dr.  Austin  obtains  the  value  of  this 
received  current  in  microamperes  from  the  observations  made  with 
the  shunted  telephones  on  board  the  ships.  Austin,  however,  con- 
cludes that  the  observations  agree  better  with  the  empirical  formula 
in  which  the  exponent  is  inversely  as  the  square  root  of  the  wave  length 
and  not  inversely  as  the  cube  root  as  predicted  by  theory.  His  conclu- 
sion is  that  the  received  current  can  be  predetermined  by  the  formula 
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where  the  letters  have  the  signification  above  given,  and  that  this 
formula  holds  for  long  distances  1000  to  3000  miles  over  sea  for 
daytime  transmission  with  feebly  damped  waves. 

Professor  A.  E.  H.  Love  Ijias,  however,  pointed  out  (see  Phil, 
Trans.  Roy.  Soc.,  London,  vol.  215  A,  p.  106,  .1916),  that  however 
closely  such  a  formula  may  represent  the  results  of  observations  it 
can  have  no  value  except  as  an  empirical  expression.  It  is  im- 
possible to  admit  that  the  law  of  decrease  of  wave  amplitude  round 
a  sphere  is  a  combination  of  the  law  of  decrease  through  empty 
space  combined  with  an  attenuation  factor  of  an  exponential  form 
expressing  the  "  absorption  "  or  "  scattering." 

Professor  Love  has  also  critically  examined  Austin's  results,  and 
arrived  at  the  conclusion  that  the  '*  audibility  factor  "  as  defined  by 
Hogan  is  nearly  proportional  to  the  square  of  the  receiving  antenna 
current  for  large  values  of  the  latter,  but  simply  as  the  current  for 
small  values.  Hence  he  concludes  that  the  true  antenna  currents 
were  simply  proportional  to  the  audibihty  factor  in  Hogan's  experi- 
ments, and  not  to  its  square  root.  Assuming  this,  he  finds  that 
Macdonald's  formula  (39)  enables  a  very  fair  prediction  to  be  made 
of  the  received  current  at  various  distances  over  sea  by  day.  The 
conclusion  Love  draws  is  that  the  diminution  in  strength  of  radio- 
telegraphic  signals  with  distance  is  due  simply  to  the  combination 
of  true  di£fraction  with  the  expansion  of  the  energy  over  larger  areas, 
and  that  by  day  and  over  sea  diffraction  will  account  for  the  observed 
values  of  the  received  currents. 

One  thing,  however,  is  certain,  that  difi&action  will  not  account 
for  the  greater  and  more  irregular  strength  of  radiotelegraphic  long 
distance  signals  received  by  night,  and  that  we  have  to  bring  into 
consideration  some  other  agency  besides  that  of  diffiraction  to  explain 
it.  There  are  also  to  be  considered  certain  facts  which  seem  to 
point  to  the  co-operation  of  a  surface  electric  wave  with  a  true 
diffracted  space  wave. 

5.  The  Effect  of  Daylight  upon  Radiotelegraphic  Communi- 

oation. — We  are  now  in  a  position  to  consider  the  question  of  the 
causes  of  the  difference  between  the  signal  strength  of  received 
signals  by  day  and  by  night,  to  which  brief  reference  has  already 
been  made. 

This  important  fact  was  discovered  by  Senatore  Marconi  in  1902. 
In  one  of  his  voyages  across  the  Atlantic,  when  receiving  signals 
from  Poldhu  on  board  the  ss.  FhiladeJ^hia,  he  noticed  that  the  signals 
were  received  by  night  when  they  could  not  be  detected  by  day.**  Li 
these  experiments,  Mr.  Marconi  instructed  his  assistants  at  Poldhu  to 
send  signals  at  a  certain  rate  from  12  to  1  a.m.,  from  6  to  7  a.m., 
from  12  to  1  p.m.,  and  6  to  7  p.m.,  Greenwich  mean  time,  every  day 
for  a  week.  He  states  that  on  board  the  Philadelphia  he  did  not 
notice  any  apparent  difference  between  the  signals  received  in  the  day 
and  those  received  at  night  until  the  vessel  had  reached  a  distance  of 
600  statute  miles  from  Poldhu.  At  distances  of  over  700  miles  the 
signals  transmitted  during  the  day  failed  entirel}r,  while  those  sent  at 
night  remained  quite  strong  up  to  1551  miles,  and  were  clearly 

**  See  Proc.  Boy.  Soc,,  June  12, 1902,  "  A  Note  on  the  Effect  of  Daylight  upon 
the  Propagation  of  Electromagnetio  Impulses  over  Long  Distanoes,"  hy  G.  Marconi. 
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decipherable  up  to  a  distance  of  2099  miles  from  Poldhu.  Mr. 
Marcdni  also  noted  that  at  distances  of  over  700  miles  the  signals  at 
6  a.m.  in  the  week  between  February  23  and  March  1  were  quite 
clear  and  distinct,  whereas  by  7  a.m.  they  had  become  weak  almost 
to  total  disappearance.  This  fact  le^  him  at  first  to  conclude  that 
the  cause  of  the  weckkening  was  due  to  the  action  of  the  daylight  upon 
the  transmitting  aerial,  and  that,  as  the  sun  rose  over  Poldhu,  so  the 
radiated  energy  diminished,  and  he  suggested  as  an  explanation  the 
known  fact  of  the  dissipating  action  of  light  upon  a  negative  charge. 

Further  consideration  showed,  however,  that  the  reduction  must 
be  due  to  some  influence  acting  in  the  space  between  the  transmitter 
and  receiver,  as  it  was  essentially  a  long  distance  effect  and  hardly 
noticeable  at  short  distances  or  much  under  200  miles.  The  next 
suggestion  made  was  that  it  was  due  to  some  absorptive  action  of  air 
ionized  by  sunlight  upon  the  electric  waves  passing  through  the 
space  so  ionized  by  daylight. 

It  has  been  shown  mathematically  by  Professor  Sir  J.  J.  Thomson 
that  small  gaseous  ions  or  electrons  must  be  set  in  motion  in  the 
direction  of  propagation  by  a  long  electric  wave  travelling  through 
them,  and  they  must  therefore  absorb  energy  from  a  long  electnc 
wave  when  passing  through  a  space  through  which  such  electrons 
are  scattered.*^ 

It  is  well  known  that  ultra-violet  light  of  wave  length  shorter  than 
about  1350  Angstrom  units  (1  A .  U  =  10-^  mm.)  has  the  power  of 
ionizing  gaseous  molecules  or  separating  from  them  electrons. 
Hence,  that  the  portion  of  the  earth's  atmosphere  which  is  facing 
the  sun  will  have  present  in  it  more  electrons  or  gaseous  ions  than 
that  portion  which  is  turned  towards  the  dark  space,  and  if  these  can 
absorb  the  wave  energy  it  may  therefore  be  less  transparent  to  long 
Hertzian  waves.**  In  other  words,  clear,  stmlit  air,  though  extremely 
transparent  to  light  waves,  may  act  as  if  it  were  a  slightly  turbid 
medium  for  long  Hertzian  waves.  The  dividing  line  between  that 
portion  of  the  earth's  atmosphere  which  is  impregnated  with  gaseous 
ions  or  electrons  is  not  sharply  delimited  from  the  part  not  so 
illuminated,  and  there  may  be,  therefore,  a  considerable  penetration 
of  these  ions  into  the  regions  which  may  be  called  the  twilight  areas. 
Accordingly,  as  the  earth  rotates,  a  district  in  which  Hertzian  waves 
are  being  propagated  is  brought,  towards  the  time  of  sunrise,  into  a 
position  in  wMch  the  atmosphere  begins  to  be  ionized,  although  far 
from  as  freely  as  in  the  case  during  the  hours  of  bright  sunshine. 

Professor  Sir  J.  J.  Thomson  has  shown  that  if  electric  waves  of 
length  A,  and  having  a  maximum  magnetic  force,  H,  are  travelling  in 
a  medium  containing  free  electrons,  each  electron  having  a  negative 
charge  e  and  mass  m,  then  the  electron  is  moved  forward  in  the 
direction  of  propagation.     The  maximum  velocity  to  imparted  to  each 

"  See  PhU.  Mag.,  August,  1902,  ser.  6,  vol.  4,  p.  253,  J.  J.  Thomson,  "  On 
Some  Consequences  of  the  Emission  of  Negatively  Electrified  Corpuscles  by  Hot 
Bodies." 

**  The  opinion  that  ionization  of  the  air  by  simlight  is  a  cause  of  obstruction 
to  Hertzian  waves  propagated  over  long  distances  was  suggested  also  by  Mr.  J.  E. 
Taylor.  See  Proc,  Boy.  Soc.,  1908,  vol.  71»  p.  225,  <*  Characteristics  of  Earth- 
current  Disturbances  and  their  Origin.*' 
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electron  in  the  direction  in  which  the  wave  is  moving  is  given  by  the 
expression — 

where  V  =  3  x  lO^^^.  If  «  is  reckoned  in  electromagnetic  units,  the 
ratio  of  charge  to  mass  for  an  electron  =  -  =  10^,  and  tt^  =  10  nearly. 
Hence,  if  w  is  small  compared  with  V,  we  have — 

1       A2H210"  A2H2^,^ 

The  magnetic  force  H  of  any  wave  is  always  a  numerically  small 
quantity  in  the  electromagnetic  system  of  units,  and  hence  the  velocity 
w  is  small  unless  A  is  very  large. 

Accordingly,  the  presence  of  numerous  free  electrons  in  a  space 

through  which  long  electric  waves  are  passing  will  rob  these  waves 

of  energy.     The  energy  imparted  to  the  electron  to  give  it  a  maximum 

velocity,  w,  is  i^mw^,  and  from  the  above  expression  this  is  seen  to  be 

,  ^       A*HM 

^^^*^  ^  128Tr4m3V2' 

If  there  are  N  electrons  per  cubic  centimetre,  then,  since  the  wave 
energy  per  unit  volume  for  a  medium  of  unit  permeability  is  ^H2,  we 
see  that  the  energy  taken  from  the  wave  per  cubic  centimetre  of 
space  is — 

NAMH2  H2__l  H2 

64w4m»V'  2  ~a    2 

By  means  of  an  apparatus  devised  by  Ebert  and  by  Gerdien  it  is 
possible  to  determine  the  conductivity  of  the  air,  and  hence  the 
number  of  ions  N  per  cubic  centimetre.  With  this  apparatus  Boltz- 
mann  found  during  a  voyage  across  the  Atlantic  1150  positive  and 
800  negative  ions  per  cubic  centimetre.  Also  over  the  same  ocean, 
A.  S.  Eve  found  from  600  to  1400  positive  and  500  to  1000  negative, 
the  ratio  of  positive  to  negative  varying  from  1*04  to  1*83.  These 
numbers  do  not  differ  greatly  from  those  found  over  large  land  areas, 
such  as  Germany  or  Canada.  The  above  expression  shows  that  the 
wave  weakening  is  reduced  by  using  a  wave  of  small  amplitude  or 
small  magnetic  force  H,  and  for  that  reason  it  should  be  largest  in 
the  neighbourhood  of  the  sending  antenna. 

Although  an  absorption  of  wave  energy  by  the  above  process  is 
undoubtedly  possible,  it  seems  tolerably  certain  that  this  action  is  not 
capable  of  accounting  for  the  observed  difference  between  radio- 
telegraphy  by  day  and  by  night.  It  is  true  that  ionization  of  the  air 
imparts  electric  conductivity  to  it,  but  the  actual  observed  electric 
conductivity  of  the  atmosphere  by  day  at  such  heights  as  can  be 
reached  by  us  does  not  rise  to  the  required  value  to  produce  the 
degree  of  absorption  necessary  to  account  for  the  difference  between 
day  and  night  transmission. 

It  is  easy  to  obtain  frofn  the  fundamental  Maxwellian  equations 
an  expression  which  enables  us  to  decide  this  matter.     Let  E  be  the 
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electric  force  and  H  the  ^magnetic  force  at  any  point  in  a  space 
traversed  by  electric  wires,  and  let  u  be  the  magnetic  permeability, 
cr  the  electric  conductivity,  and  K  the  dielectric  constant  of  the 
medium.  Then  by  Maxwell's  equations  for  a  pure  dielectric  (see 
Chap.  V.  §  2)  we  have— 

KE  +  47r<rE  =  c  Curl  H (46) 

— jLiH  ==  c  Curl  B (47) 

where  c  =  3  X  10^^.  In  the  above  equations  the  quantities  E,  a-,  and 
K  are  to  be  measured  in  electrostatic  units,  and  jn  and  H  in  electro- 
magnetic units.    If  E  and  H  vary  harmonically  or  as  the  real  part  of 

c       where  p  =  2wi»  and  n  is  the  frequency,  and  if  we  write 

^^V^t±^!!^ ^^j 

we  can  transform  the  above  equations  (46)  and  (47)  into 

*2H  =  Curl2  H  and  Jfc^E  =  Curl2  E. 

Now  ^  is  a  complex  quantity  and  can  be  represented  by  a-{-i|3. 
Hence  from  (48)  if  we  put  /n  =  1  we  have 


^=-t?±v-"^+''*-  •  •  <«) 


2<j2  -  y  4^4 

Then  by  an  easy  transformation  we  can  prove  that 


o=^v/|V^7(l+,S.) 


—   1 


If  o^/n^K^  is  small  compared  with  unity,  as  it  is  when  n  is  large  and 
o-  small,  the  above  expression  reduces  to 

If  then  we  consider  a  plane  wave  the  amplitude  of  which  is  repre- 
sented  byc^^"^    it  attenuates  to  l/€  of  its  initial  amplitude  in 

travelling  a  distance  l/)3  =  fc  y/E)J^<r, 

If  p  is  the  resistivity  of  tne  medium  in  ohms  per  centimetre  cube, 
then  p  =  (9  X  10'^)/<r  and  we  have  finally  as  the  distance  or  in  which 
the  wave  attenuates  to  1/e  of  its  initial  value 

0.  =  ^ (51) 

Now  for  air  K  =  1,  and  if  p  has  any  such  value  as  a  million 
megohms  per  centimetre  cube,  then  we  should  have — 

10" 
X  =  w[^  =  40,000  kilometres  nearly. 

Hence  for  such  a  resistivity  the  wave  would  have  to  travel 
25,000  miles  to  be  reduced  in  amplitude   by  absorption   to  about 
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one-third  of  its  initial  value.  Some  measurements  of  the  resis- 
tivity of  air  were  made  by  Messrs.  A.  J.  Makower,  W.  Makower, 
W.  M.  Gregory,  and  H.  Bobinson  in  1910  at  Ditcham  (see 
Quarterly  Journal  of  Royal  Meteorological  Society,  vol.  37,  October 
1911)  by  elevating  a  lute  or  captive  balloon  and  measuring  the 
potential  of  the  balloon  when  insulated  and  the  current  flowing  to 
earth  when  it  is  connected  to  earth  by  a  wire.  If  C  is  the  electro- 
static capacity  of  the  balloon,  and  Y  its  potential  when  insulated,  and 
if  I  is  the  current  flowing  to  earth  from  it,  and  if  S  is  the  total  con- 
ductivity of  the  surrounding  air,  then  it  can  be  shown  that 
47rO/p  =  S  =  I/V.  Hence  p  =  47rCV/I.  The  above  observers 
found  that  a  kite  having  a  capacity  of  about  100  E.8.  units  when  flown 
at  a  height  of  1400  feet  on  a  certain  day  indicated  a  total  resistance 
of  1000  megohms.  This  gives  an  air  resistivity  of  1*25  million  meg- 
ohms, which  is  not  very  high. 

Nevertheless  a  plane  electric  wave  would  have  to  travel  50,000 
kilometres  in  such  air  to  be  attenuated  to  1/c  of  its  initial  value  by 
conductivity  alone.  These  figures  are  sufficient  to  show  that  air 
conductivity  due  to  ionization  cannot  be  a  sufficient  cause  of  the 
attenuation  of  long  electric  waves  by  daylight,  at  any  rate  near  the 
earth's  surface.  No  such  electric  conductivity  of  the  atmosphere  has 
been  observed  near  the  earth's  surface  as  to  account  for  the  relative 
diminution  of  signalling  distance  by  day  by  true  absorption  resulting 
from  air  conductivity. 

The  conductivity  of  the  air  would  have  to  be  100,000  times  greater 
than  it  is  to  explain  such  attenuation.  We  are  therefore  led  to  con- 
sider that  the  daylight  transmission  may  be  the  normal  transmission, 
and  that  the  night  signals  are  increased  in  strength  by  some  means, 
rather  than  regard  the  night  signal  strength  as  the  normal  value  and 
the  day  signals  as  attenuated  by  absorption  due  to  conductivity.  In 
any  case,  however,  there  are  extraordinary  variations  in  strength 
which  it  is  necessary  to  mention.  On  these  matters  Mr.  Marconi 
made  some  interesting  remarks  in  his  Nobel  Prize  Lecture,  delivered 
December  11,  1909.     He  says : — 

''  It  has  been  observed  that  an  ordinary  ship  station,  using  about 
half  a  kilowatt,  the  normal  range  of  which  is  not  greater  than  200 
miles,  will  occasionally  transmit  messages  across  a  distance  of  over 
1200  miles.  It  often  occurs  that  a  ship  fails  to  communicate  with  a 
near-by  station,  but  can  correspond  with  perfect  ease  with  a  distant 
one."  Also  he  remarks,  ''Although  high-power  stations  are  now 
used  for  communicating  across  the  Atlantic,  and  messages  can  be  sent 
by  day  as  well  as  by  night,  there  still  exist  short  periods  of  daily 
occurrence  during  which  transmission  from  England  to  America,  or 
vice  versa,  is  difficult.  Thus,  in  the  morning  and  evenmg.  when,  in 
consequence  of  the  difference  of  longitude,  daylight  or  darkness  extends 
only  a  part  of  the  way  across  the  ocean,  the  received  signals  are  weak 
and  sometimes  cease  altogether.  It  would  almost  appear  as  if  electric 
waves  in  passing  from  dark  space  to  illuminated  space  and  vice  versa 
were  reflected  in  such  a  manner  as  to  be  diverted  from  their  normal 
path." 

''Another  curious  result  on  which  hundreds  of  observations 
continued  for  years  leave  no  further  doubt,  is  that  regularly  for 
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periods  at  sunrise  and  sunset,  and  occasionally  at  other  times,  a 
shorter  wave  can  be  detected  across  the  Atlantic  in  preference  to  the 
longer  wave  normally  employed.  Thus  at  Clifden  and  Glace  Bay, 
when  sending  on  an  ordinary  coupled  circuit  arranged  so  as  to 
simultaneously  radiate  two  waves,  one  12,600  feet  and  the  other 
14,700  feet,  although  the  longer  wave  is  the  one  usually  received 
at  the  other  side  of  the  ocean,  regularly  about  three  hours  after 
sunset  at  Clifden  and  three  hours  before  sunrise  at  Glace  Bay,  the 
shorter  wave  is  alone  received  with  remarkable  strength  so  regularly 
that  the  operators  tune  their  receivers  to  the  shorter  wave  at  the 
times  mentioned  as  a  matter  of  ordinary  routine." 

Again,  it  is  a  constant  experience  that  ships  provided  with  radio- 
telegraphic  plant  of  no  great  power,  say  1*5  kw.,  will  occasionally  be 
able  to  transmit  signals  1000  miles  or  more,  and  in  the  same  manner 
their  receivers  will  pick  up  signals  coming  from  very  large  distances. 
These  freak  transmissions  and  receptions  as  they  are  called  are  very 
common  experiences,  and  indicate  that  there  is  on  some  occasions  an 
exceptional  facility  in  the  transmission  of  long  electric  waves  over  the 
earth  in  certain  directions.  These  effects  taken  in  conjunction  with 
observed  regular  diurnal  and  annual  variations  in  the  intensity  of 
message  signals  and  also  of  the  stray  waves  due  to  atmospheric  dis- 
charges prove  that  we  have  to  look  for  the  source  of  these  vagaries 
of  transmission  in  the  structure  of  the  atmosphere  itself.  Modem 
researches  have  shown  that  the  earth's  atmosphere  may  be  broadly 
divided  into  two  portions :  first,  a  lower  portion  in  which  the  chemical 
percentage  composition  remains  tolerably  imiform,  since  the  mechan- 
ical mixture  of  its  gases  is  maintained  by  winds  and  convection 
currents ;  but  the  pressure  and  temperature,  however,  fall  as  we  rise 
upwards.  Secondly,  a  higher  region  beginning  at  a  height  of  about 
10  miles  or  so  when  temperature  ceases  to  fall  and  becomes  nearly 
constant  for  an  unknown  further  height.  This  region  of  constant 
temperature  is  called  the  stratosphere,  and  the  lower  region  of  gradu- 
ally falling  temperature  the  troposphere.  The  lower  region  is  the 
locus  of  clouds  and  water  vapour.  Above  a  height  of  about  10  or  20 
miles  the  atmosphere  is  in  a  state  of  perpetual  calm,  and  the  gases 
which  compose  it  begin  to  sort  themselves  out  in  order  of  density. 
The  highest  upper  regions  are  composed  entirely  of  the  lighter  gases 
such  as  hydrogen  and  helium.  At  a  height  of  about  60  kilometres 
oxygen  begins  to  be  greatly  diminished,  and  above  100  kilometres 
oxygen  and  nitrogen  are  absent  and  hydrogen  and  helium  are  the 
only  atmospheric  constituents.  There. is  not  only  a  rapid  fall  in 
pressure  as  we  rise  to  great  heights  but  a  change  in  composition  and 
in  refractive  index  as  well. 

Furthermore,  owing  to  the  transparency  of  these  upper  regions 
of  the  atmosphere  to  ultra-violet  light  in  the  sun's  rays  there  is  a 
considerable  ionization  of  these  gases,  that  is  a  liberation  of  positive 
and  negative  ions  from  the  atoms.  This  takes  place  to  a  very  limited 
extent  in  the  lower  regions  because  the  water  vapour  and  especially 
the  oxygen  absorb  the  short  wave-length  actinic  rays.  This  ioniza- 
tion converts  the  gases  into  conductors  of  electricity  more  or  less. 
Hence  we  must  consider  the  upper  regions  of  the  atmosphere  as  pos- 
sessing probably  a  large  but  unknown  amount  of  electric  conductivity. 
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This  ionized  layer  will  begin  at  a  lower  level  during  the  day 
time,  thns  in  the  night  time  and  moreover  at  the  boundary  line 
between  light  and  dark  or  in  the  twilight  area  there  will  be  a  more  or 
less  unhomogeneous  condition  of  the  upper  layers  of  the  atmosphere. 
We  have  then  to  consider  that  long  distance  ladiotelegraphy  involves 
the  propagation  of  a  wave  through  a  dielectric  of  varying  dielectric 
constant  and  conductivity  at  various  heights,  and  one  that  it  is  more 
or  less  strongly  ionized  in  certain  regions. 

Dr.  W.  H.  Ecdes  has  shovni  that  when  an  electric  wave  is  propa- 
gated through  a  region  containing  heavy  ions  so  that  they  only  make 
small  excursions  under  the  action  of  the  electric  forces  in  the  wave  as 
it  passes  over  them,  then  the  wave  velocity  will  be  increased  by  the 
ions.^  As  the  proof  of  this  is  important  we  reproduce  it  here  in  the 
form  given  by  him. 

Let  e  be  the  charge  and  m  the  mass  of  each  ion  and  n  the 
number  per  c.c.  at  a  point  whose  co-ordinates  are  x,  y^  z.  Let  the 
waves  advance  in  the  direction  of  the  x  axis  with  electric  force  Z  and 
magnetic  force  j3  in  the  plane  of  the  wave  at  right  angles  to  the 
X  axis.  Then  if  jn  is  the  permeability  and  K  is  the  dielectric  constant 
of  the  medium  we  have  from  the  Maxwell  equations  (see  Chap.  Y. 
§  2)  the  equations 

dZ        dp      ^  dB      ^dZ  ,    .       du  ,_, 

where  u  is  the  displacement  of  the  ion  from  its  position  produced  by 
the  waves.  The  above  equations  are  merely  the  statement  of  the 
fact  that  the  curl  of  the  electric  force  is  the  negative  rate  of  change 
of  the  magnetic  flux  and  the  curl  of  the  magnetic  force  is  47r  times 
the  total  current  through  the  unit  of  area. 
The  equation  of  motion  ol  the  ion  is 

where  /  is  a  frictional  coefficient  such  that  the  resistance  to  motion 
is  proportional  to  the  velocity  of  the  ion.  If  Z  and  u  vary  in  a 
simple  harmonic  manner  or  proportionally  to  e^,  then  the  last  equation 

becomes 

du  eZ 

^=     ■    ■  ^ (64) 

• 

Eliminating  jS  and  u  from  the  three  equations  we  reach 

d^Z_    ^Z       ^fm^  dZ 

dx^^^    dt^^  mjp+f  dt       •     •     •     •    (^) 

This  last  has  a  solution  of  the  form 

*'  See  W.  H.  Eooles,  <*  On  the  Dinmal  Variation  of  the  Eleotrio  Waves 
Ocourring  in  Nature  and  on  the  Propagation  of  Electric  Waves  Bound  the  Bend 
of  the  Earth."  Proc.  Boy,  Soc,  Land.,  vol.  87  A,  p.  79, 191S. 


RADIOTELSORAPHIO  TBAMBHISSION  845 

for  waves  of  frequency  jv/Stt  of  the  wave  velocity  v  is  given  by 


and  the  absorption  factor  I  by 

l  =  f^-v (68) 

where  ^  is  pat  for  K{X^+p) (^^> 

Now  g  is  smaller  than  unity  and  also  gf/mp{l  —  g) 
Hence,  approximately  we  have 

That  is  to  say,  the  velocity  of  the  wave  is  increased  by  the  presence 
of  the  heavy  ions. 

The  verbal  explanation  of  this  is  as  follows :  The  electric 
force  causes  a  displacement  or  electric-flux  in  a  dielectric.  The 
ratio  of  displacement  to  force  is  called  the  dielectric  coefficient  of 
the  medium.  If  the  medium  contains  positive  and  negative  ions 
the  electric  force  tends  to  separate  these  and  hence  to  produce  what 
may  be  called  a  counter-electric  force  which  diminishes  the  resultant 
displacement  or  flux.  Accordingly  the  presence  of  the  ions  tends  to 
virtually  diminish  the  dielectric  coefficient.  It  therefore  causes  an 
increase  in  the  velocity  of  the  wave,  since  this  is  inversely  proportional 
to  the  square  root  of  the  dielectric  coefficient. 

If,  therefore,  the  upper  layers  of  the  earth's  atmosphere  are  ionized 
this  will  cause  the  portion  of  an  electric  wave  passing  through  it  to 
travel  faster  than  that  part  passing  through  the  lower  unionized 
layers.  Accordingly  there  must  be  a  change  in  the  form  of  the  wave 
front,  and  therefore  in  the  direction  of  propagation  of  the  rays  which 
is  normal  to  the  wave  front  at  ever^  point.  It  is  therefore 
obvious  that  if  at  a  certain  high  level  m  the  earth's  atmosphere 
we  enter  a  strongly  ionized  layer  of  gases  this  overhead  horizontal 
curtain  or  screen  will  cause  electric  rays  sent  up  to  it  to  be  refracted 
down  again  by  an  action  which  resembles  the  optical  phenomenon 
called  the  mirage.  In  this  last  case  when  a  layer  of  still  air  near 
the  hot  earth  is  itself  much  heated  its  refractive  index  is  diminished, 
and  if  the  boundary  surface  of  this  hot  air  is  defined  fairly  sharply 
rays  of  light  falling  on  it  obliquely  will  be  turned  through  a  consider- 
able angle  and  bent  upwards  again. 

Hence  they  will  form  an  inverted  image  of  distant  objects,  and 
therefore  suggest  a  water  surface  to  the  traveller. 

In  the  case  of  electric  radiation  the  effect  is  as  it  were  an  inverted 
mirage. 

It  will  be  seen,  therefore,  that  this  ionic  refraction  in  the  atmo- 
sphere is  in  the  right  direction  to  carry  a  ray  of  electric  radiation 
more  or  less  round  the  earth.  In  fact  it  may  even  overdo  it  and 
bring  a  ray  down  to  the  earth's  surface  too  soon  and  hence  tend  to 
shoiten  the  effective  range. 
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In  addition  to  this  ionic  refraction  we  have  to  a  small  degree  the 
normal  refraction  due  to  the  decreasing  density  gradient  of  the 
atmosphere  which  acts  in  the  same  way.  This  has  been  pointed  oat 
both  by  Dr.  Eccles  28  and  by  the  Aiithor.29 

The  refractive  index  of  a  gas  is  proportional  to  the  square  root  of 
its  dielectric  coefficient.  Also  by  Gladstone  and  Dale's  law  the 
refractive  index  /a  is  connected  with  the  density  d  by  the  relation 
(ji—l)/d  is  constant.  Hence  as  we  ascend  in  the  atmosphere  the 
refractive  index  and  therefore  dielectric  coefficient  become  less. 
Therefore  if  a  plane  wave  with  verticcJ  wave  front  starts  from  any 
point  the  upper  part  of  it  travels  faster  than  the  lower  and  the  wave 
front  tends  to  follow  round  the  earth's  curvature  more  or  less. 

The  radius  of  curvature  at  starting  can  be  calculated  as  followd : — 

If  we  assume  a  homogeneous  atmosphere  and  neglect  the  varia- 
tion of  gravity  with  height,  and  assume  temperature  to  be  constant 
or  to  decrease  upwards  according  to  some  straight  line  law,  it  is  a 
comparatively  easy  matter  to  calculate  the  density  at  any  height  in  a 
colimin  of  gas  in  equilibrium  imder  the  forces  of  gravity  and  its  own 
elasticity.  Thus,  if  Pq  and  Qq  are  the  pressure  and  density  of  the  gas 
at  the  earth's  surface,  and  p  and  q  the  same  at  any  height  h  above 
it,  and  if  T  is  the  absolute  temperature,  g  the  acceleration  of  gravity, 
and  G  the  gas  constant,  then  we  have 

^  =  GT^ (61) 

If  we  consider  a  horizontal  slice  of  thickness  8A,  of  a  vertical 
column  of  the  gas  of  unit  cross-section,  then  the  equation  of 
equilibrium  of  the  element  is 


dq 


^  =  ffqSh (62) 


or  -  =  -^A (63) 

If  E  is  the  mean  radius  of  the  earth,  and  if  the  mean  value  of 
gravity  at  the  surface  is  980,  then  g  =  980R2/(R  +  h)^  nearly.  Since 
the  variation  of  gravity  is  only  about  5  per  cent,  in  a  height  of  100 
miles  we  make  no  great  error  in  considering  it  as  a  constant. 
There  is  more  difficulty  in  finding  a  function  of  A  to  express  the 
temperature. 

If  we  consider  the  temperature  and  gravity  constant  at  various 
heights  the  integral  of  equation  (63)  is 

3  =  «o€"«** (64) 

showing  that  the  density  decreases   in  accordance  with   an  expo- 
nential law. 

We  are  now  in  a  position  to  consider  the  refractive  effects  of  the 

^*  See  Dr.  W.  H.  Ecoles,  "  Atmospherio  Refraction  in  Wireless  Telegraphy." 
A  Paper  read  to  Section  G  of  the  British  AssocuUion,  Beptemher  16,  1913; 
also  The  Electridan,  September  19,  1918. 

'*  See  Dr.  J.  A.  Fleming  on  "Atmospheric  Refraction  and  its  Bearing  on 
the  Transmission  of  Electric  Waves  round  the  Earth's  Surface.*'  Proc.  Physical 
Soc.  Londouy  vol.  26,  Part  V.,  August,  1914,  p.  818. 
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atmosphere  at  various  heights.  In  gases  the  refractivity  (ji  —  1)  is 
oonneoted  with  the  density  g  with  fair  accuracy  by  Gladstone  and 
Dale's  law  (ji  —  1)^  s=s  A  =  a  constant.  The  constant  A  may  be 
called  Gladstone  and  Dale's  constant.  Its  value  for  various  gases 
are  given  in  Table  V. 


Tabiib  V. 


Oai. 

B«ftMli^  Index  /bi«  At  OP  C. 
and  10*  djnM/aa.* 

-       • , 
9« 

Hydrogen 

HdUnm 

>Ieon 

1*000188 

1*000085 

1*0000687 

1*000800 

1*000272 

1000285 

1*000424 

1*000698 

1*000298 

1*66 

0*197 

0*0777 

Nitrogen 

Ozytfen 

0*242 
0*198 

AMfon 

0*161 

KiTpton 

Xenon 

Air 

0  117 
0*128 
0*227 

We  can  then  calculate  the  curvature  of  a  ray  passing  through 
the  atmosphere  as  follows : — 

The  atmosphere  may  approximately  be  considered  as  formed  of 
concentric  layers  of  gas  having  refractive  indices  which  decrease  as 
the  altitude  increases.     Let  us  take  the  centre  of  the  earth  as  origin 


Fio.  14.— Refraction  of  a  Ray  of  Light  by  the  Earth's  Atmosphere. 

and  consider  the  curved  path  of  any  ray  travelling  to  or  from  the 
earth  (see  Fig.  14).  Then  if  a  tangent  is  drawn  at  any  pomt  P  to  this 
curve,  and  if  /  is  the  length  of  the  perpendicular  let  fall  from  the 
origin  on  the  tangent,  and  fi  the  refractive  index  at  the  point  of 
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contact  of  the  tangent  with  the  curve,  it  can  easily  be  shown  that  all 
along  the  path  of  the  ray  the  product  Ifi  is  constant  (see  Parkinson's 
"  Optics/'  p.  109). 

Again,  if  r  is  the  radius  vector  to  that  point,  and  if  />  is  the 
radius  of  curvature  at  the  same  point,  it  is  easily  shown  that 
p  =  rdr/dl. 

Also  by  Gladstone  and  Dale's  law,  the  quotient  Qi  —  l)/q  =A, 
where  q  is  the  density  at  that  point,  will  be  a  constant  different  for 
each  gas.  Taking  the  expression  (4)  to  represent  the  variation  of 
density  with  height,  we  have  the  following  three  equations : — 

//i  =  C (65) 

''^-  =  2  =  5o^-^'-^^ (66) 


A 


'='S <«') 


where  G  and  A  are  constants  and  r  is  the  radius  vector  from  the 
centre  of  the  earth  to  any  point  on  the  ray  at  which  the  refractive 
index  of  the  air  is  /x,  whilst  I  is  the  length  of  the  perpendicular  from 
the  centre  of  the  earth  on  the  tangent  to  the  ray  at  thiebt  point.  Also 
p  is  the  radius  of  curvature  of  the  ray  at  that  point,  and  B  is  the 
mean  radius  of  the  earth,  and  (r  —  E)  is  the  height  above  the 
earth's  surface.  The  symbol  a  stands  for  g/GT,  where  g  is  the 
acceleration  of  gravity,  6  is  the  gas  constant,  and  T  the  absolute 
temperature. 

From  (67)  we  have 

dr        dr  dfi  .^^. 

and  from  (65) 

dl"      /2 ""      C ^^^^ 

Hence 

f>=-d^A (™) 

But  by  (66)  we  have 

^  =  l  +  A^o€""^''-^> (71) 

Therefore 


$=-aA2oC-^''" 


R) 


dr-      — (72) 


Hence  substituting  (72)  in  (70)  we  have 


or  by  (66) 


''  =  'S'(^  +  ^«o^""""'^'-    •    •    •    (73> 

'^~Oa/t— i~;o/t-i ^'  ' 
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Now 

g    ^ffqo_980qo 
GT      po        10« 

Also  9o  ^^^  density  of  the  air  at  the  earth's  surface  under  a  pressure 
of  l(y^  dynes  per  square  centimetre  is  nearly  equal  to  1/800.  Hence, 
a  =  98/(8  X  107). 

The  dimensions  of  a  are  inversely  as  a  length.  Hence,  if  we 
take  the  centimetre  as  unit  of  length  1/a  =  8  X  105  nearly.  If, 
however,  we  reckon  lengths  or  heights  in  kilometres  then  the 
numerical  value  of  a  =  1/8  nearly. 

Accordingly  the  following  simple  expression  gives  the  radius  of 
curvature  of  the  ray : — 

'=T^-:h ('^> 

Consider,  then,  a  ray  starting  horizontally  from  a  point  on  the 
earth's  surface.  We  have  at  that  point  r  =  /  =  E  =  the  earth's 
radius,  and  u  =  1000294.  Hence,  ii/(ji  —  1)  =10,000/3  nearly,  and 
the  radius  of  curvature  of  the  ray  at  starting  =  80,000/3  =26,666  km., 
or  16,000  miles,  or  about  four  times  the  radius  of  curvature  of  the 
earth. 

As  the  point  considered  is  taken  farther  from  the  source  the 
radius  of  curvature  of  the  ray  at  that  point  increases.  For  we 
have 

^  =  to^^T-/aA(z (^^^ 

But  /Lc  is  very  nearly  unity,  and  A  and  a  are  particular  constants 
for  each  gas,  whilst  I  is  never  very  much  greater  than  r,  and  the 
density  q  continually  diminishes  with  increasing  altitude. 

Hence,  p  rapidly  increases  with  increase  of  distance  of  the  point 
on  the  ray  considered,  as  we  take  it  farther  from  the  source  on  the 
earth's  surface. 

Since  a  is  equal  to  gqo/po,  it  is  clear,  if  lengths  are  measured  in 
kilometres,  that  a  =  98go-  Also  /iq  —  1  =  A^q*  Accordingly,  taking 
the  source  at  the  earth's  surface,  where  /  and  r  are  equal,  and 
considering  the  ray  emitted  tangentially  by  the  earth's  surface,  we 
have 

p  =  mk^^ (") 

But  fiQ  for  all  gases  is  very  nearly  unity,  and  A  has  values  for 
various  gases  as  in  Table  Y.  above. 

The  constant  A  may  be  called  the  Gladstone  and  Dale  constant, 
and  ^0  ^  ^^^  density  of  the  gas  at  0^  C.  and  10<^  dynes  per  square 
centimetre  pressure. 

In  the  formula  (77),  if  we  substitute  the  values  for  air,  viz. 
/xo  =  1000293, 1 A  =  0-227  and  go  =  0001293,  we  find  p  =  27,000  km. 
as  before,  or  4*1  times  the  earth's  radius. 

Again,  if  we  suppose  the  atmosphere  consisted  wholly  of  hydrogen, 

3  I 
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then  inserting  in  formula  (77)  the  values  fiQ  =  1'000138,  A  =  1-56 
and  ^0  ==  000008837,  we  find  p  ==  880,000  km.  or  136  times  the 
earth's  radius. 

If,  however,  the  atmosphere  consisted  wholly  of  krypton,  for 
which  ao  =  1000424,  A  =  0117  and  ^o  =  00036125.  we  find 
p  =  6,6o2  km.,  or  about  the  same  as  the  earth's  mean  radios. 

Finally,  if  the  atmosphere  consisted  wholly  of  xenon,  for  which 
/xo  =  1-000693,  A  =  0-123,  q^  =  0-005643,  then  we  find  p  =  2,768  km,, 
which  is  much  less  than  the  earth's  radius. 

On  the  assumption,  therefore,  above  made  as  to  uniform 
temperatiu:e  we  find  the  following  remarkable  result. 

If  the  earth's  atmosphere  consisted  wholly  of  krypton  a  ray  of 
light  sent  out  tangentially  to  the  earth's  surface  would  be  refracted 
roimd  the  earth  parallel  to  the  surface,  and  never  escape  at  all  from 
the  atmosphere.  If,  therefore,  the  atmosphere  consisted  entirely  of 
krypton,  wireless  telegraphy  right  round  the  earth  might  be  easily 
possible  in  consequence  of  this  circular  refraction  of  a  tangentially 
emitted  ray. 

For  the  atmosphere  as  at  present  constituted  this  refractive 
bending  is,  however,  very  small.  Nevertheless,  it  acts  in  the  same 
direction  as  the  ionic  refraction  in  causing  an  electric  ray  emitted 
horizontally  at  any  point  on  the  earth's  surface  to  follow  round  more 
or  less  the  earth's  curvature. 

6.  General  Conolasions  as  to  the  Mode  of  Propagation  of 
Long  Eleotrio  Waves  round  the  Earth. — Summing  up  the  con- 
clusions so  far  reached  by  radiotelegraphists  we  may  say  that  the 
effect  produced  by  a  radiotelegraphic  transmitter  at  a  great  distance, 
say,  2000  to  6000  miles  over  the  surface  of  the  earth,  is  a  complex 
one  in  which  several  different  actions  play  a  part. 

There  is,  first,  a  propagation  through  the  aether  of  a  true  space 
electromagnetic  wave  which  is  diffiracted  round  the  earth.  The 
extent  to  which  this  contributes  to  the  whole  effect  is,  perhaps,  greater 
than  was  formerly  supposed,  but  is  yet  an  undetermined  quantity. 
Some  mathematicians  are  now  inclined  to  attribute  to  it  the  major 
portion  of  the  transmission  by  day. 

Then  in  the  next  place  there  is  undoubtedly  a  contribution  made 
to  the  effect  by  waves  which  have  suffered  a  refraction  equivalent  to  a 
reflection  by  ionized  air  at  high  altitudes,  and  a  very  small  effecfc  due 
to  the  decrease  in  refractive  index  of  air  as  we  ascend  upwards. 

These  causes  tend  to  make  the  ray  follow  round  the  curvature  of 
the  earth  and  so  assist  as  it  were  dif&action.  It  is  to  this  variable 
ionic  refraction  that  we  must  attribute  the  diurnal  and  annual  varia- 
tions in  signal  strength,  and  also  the  greater  signalling  distance  by 
night  as  well  as  the  irregularities  attending  the  transition  times  of 
sunrise  and  sunset. 

Then  in  addition  we  may  inquire  how  far  any  contribution  is 
made  by  a  surface  wave  of  the  type  investigated  by  Sommerfeld, 
which  is  equivalent  to  an  electric  wave  propagated  through  or  along 
the  earth. 

It  has  been  definitely  proved  that  we  can  receive  signals  from 
stations  hundreds  of  miles  away  without  any  high  receiving  aerial, 
but  merely  by  connecting  one  terminal  of  the  receiving  circuit  to 
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earth,  and  the  other  terminal  to  any  large  well-insulated  mass  of 
metal,  whether  inside  or  outside  of  a  house  does  not  matter.  As 
far  back  as  1900  or  1901  Mr.  Marconi  received  signals  at  Poole, 
near  Bournemouth,  from  a  station  in  the  Isle  of  Wight,  using  as  a 
collector  merely  an  insulated  zinc  cylinder,  attached  to  one  terminal 
of  his  receiver,  the  other  terminal  being  connected  to  earth.  Then 
Mr.  Campbell  Swinton  received  in  London  signals  sent  out  from  the 
Eiffel  Tower  station  in  Paris  by  using  as  the  metal  mass  a  bedstead 
in  an  upper  room.so  Mr.  P.  J.  Eyle  employed  a  bicycle  out  of 
doors,8i  and  the  Author  a  zinc  dustbin  set  on  insulators  on  a  table  in 
a  room  in  University  College,  London.^* 

Again,  Mr.  Marconi  in  1906  received  signals  in  Ireland  from 
Poldhu  in  Cornwall,  employing  as  a  receiving  antenna  a  long  insu- 
lated wire  lying  on  the  ground  with  its  free  end  pointing  away  from 
the  receiving  station. 

More  recent  experiments  have  been  made  by  Dr.  F.  Eiebitz  ^  on 
the  same  lines.  He  used  as  receiving  antenna  long  wires  carried 
on  insulators  placed  in  ditches  1  metre  deep.  The  ends  of  these 
wires  were  eartned  through  condensers.  The  receiving  appliance  was 
placed  in  the  centre  of  the  wire. 

By  such  antennae  he  found  he  could  receive  signals  from  all  the 
principal  radio  stations  in  England,  France,  and  America. 

All  these  experiments  show  that  the  non-use  of  high  or  vertical 
antenna  which  can  be  cut  across  by  a  space  wave  does  not  entirely 
prevent  the  reception  of  radiotelegraphic  signals,  provided  there  is  a 
good  earth  connection. 

It  seems  probable,  therefore,  that  some  fraction  of  the  effect  of  a 
transmitter  at  a  distance  when  using  earth-connected  aerials  may  be 
due  to  a  true  surface  wave,  but  it  cannot  contribute  more  than  a 
small  fraction  of  the  total  effect. 

It  is  now,  therefore,  always  the  custom  to  reckon  the  range  of  a 
station  solely  by  the  distance  of  good  working  during  the  day  and 
during  the  summer  part  of  the  year.  This  normal  working  is,  how- 
ever, much  affected  by  the  natural  atmospheric  or  vagrant  waves 
which  we  next  proceed  to  consider. 

7.  Atmospheric  Stray  Waves  and  their  EflTect  on  Radio- 
telegraphy. — The  high  antennaB  or  aerial  wires  used  in  radio- 
telegrapny  make  the  receiving  instruments  very  susceptible  to  the 
effect  of  atmospheric  electrical  discharges,  because  these  latter  pro- 
duce vagrant  electric  waves  called  **  strays." 

It  was  long  ago  suspected  that  lightning  discharges  were  oscil- 
latory in  character.  Sir  Oliver  Lodge  pointed  out  this  probable 
quality  of  them  even  before  the  publication  of  Hertz's  researches  on 
electric  waves,  guided  thereto  by  a  study  of  the  phenomena  attend- 
ing the  discharge  of  a  Leyden  jar. 

In  1895  Popoff,  in  Eussia,  began  to  experiment  with  a  lightning- 
conductor  connected  to  a  coherer  as  a  means  of  detection  of  distant 

*•  See  Campbell  Swinton,  The  Electrician,  vol.  71,  p.  501, 1913. 
"  P.  J.  Ryle,  The  Electrician,  vol.  71,  p.  1026,  1918. 
"  J.  A.  Fleming,  The  Electrician,  yoL  71,  pp.  460  and  1066, 1913. 
**  See  F.  KiebitB,  *' Recent  Experiments  on  Directive  Wireless  Telegraphy 
with  Earthed  AntennsB,"  The  Electrician,  March  8, 1912,  vol.  68,  p.  868. 
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storms,  and  his  work  showed  that  these   disoharges  of  lightning 
created  natural  electric  waves  which  were  picked  up  by  antennsB. 

These  natural  electric  waves  are  called  "  strays/'  "  atmospherics," 
**  X's,"  or  **  Statics."  From  the  earliest  days  of  radiotelegraphy 
they  gave  trouble  by  printing  down  on  the  Morse  inker  tape  occa- 
sional dots  or  groups  of  dots,  which  rendered  the  interpretation  of 
the  message  signals  difficult. 

When  the  telephonic  method  of  reception  was  adopted,  using 
with  it  a  low  frequency  spark,  the  stray  waves  produced  irregular  or 
occasional  sounds  like  cUcks  or  prolonged  rattling  or  fizzling  sounds 
in  the  telephone,  and  often  made  the  message  signals  unintelligible. 
The  introduction  of  the  high  frequency  musical  spark  was  a  great 
improvement,  as  it  imparted  a  shrill  musical  tone  to  the  message 
signals  and  enabled  the  operator  to  concentrate  attention  on  them 
to  the  exclusion  of  the  lower  pitched  sounds  due  to  strays.  The 
interference  of  the  strays  is,  however,  always  possible  in  connection 
with  methods  for  visibly  recording  or  printing  the  signals.  A  study 
of  these  stray  waves  has  shown  that  they  obey  laws  of  their 
own. 

Following  on  the  first  experiments  of  Popoff,^*  in  1896,  using  a 
lightning  rod  and  coherer  and  Morse  inker,  Bpggio  Iiera,  in  1898, 
improved  on  PopofiTs  apparatus,  and  arranged  that  strong  and  weak 
signals  should  be  recorded  separately.  Then  Feriyi,^^  in  1901, 
showed  that  thunderstorms  within  100  miles  recorded  themselves  on 
his  apparatus.  Lastly,  TurpaiUyS^'  in  1903,  made  extensive  observa- 
tions and  proved  that  such  records  were  of  use  in  forec^ting  weather 
hours  or  days  in  advance. 

As  radiotelegraphy  came  more  into  use,  every  station  was 
forced  to  take  note  of  strays,  and  it  was  found  that  they  were 
more  troublesome  and  persistent  at  some  times  than  at  others. 
W.  H.  Ecdes  introduced  a  simple  method  of  recording  them  by 
hand,  viz.  to  listen  at  a  telephone  connected  with  a  receiver  and 
antenna  and  make  a  vertical  mark  on  a  slip  of  paper,  distances  along 
which  represented  the  flow  of  time,  and  the  height  of  the  mark, 
roughly,  the  loudness  of  the  telephone  sound. 

Eccles  and  Airey^'^  made  a  number  of  observations  simulta- 
neously in  London  and  Newcastle  in  1911,  proving  that  60  to  80  per 
cent,  of  the  strays  were  audible  at  London  and  Newcastle  simulta- 
neously, and  that  the  intensity  of  these  roughly  corresponded  in 
such  fashion  as  to  show  that  they  were  due  to  the  same  disturbance 
created  probably  at  places  many  hundi^eds  of  miles  from  both  observ- 
ing stations. 

In  England  the  departure  from  regularity  in  the  strays  is  greatest 
in  the  summer,  due  no  doubt  to  the  origin  of  many  in  local  thunder- 
storms. During  the  winter  months  the  number  and  intensity  of  the 
strays  agree  better  over  larger  areas,  thus  showing  a  non-local  origin. 

^  Popoff,  Joum,  of  Bn89ian  Physico-Chemical  Society,  1895,  vols.  28-29, 
p.  899. 

»*  Feriyi,  Comptea  RenduSy  January  27,  1902. 

>«  Turpain,  "  La  T^l^graphie  sans  fil,"  p.  314. 

''  W.  H.  Eocles  and  H.  M.  Airey,  "  Note  on  Electrical  Waves  ocourring  in 
Nature,"  Proc,  Roy.  Soc.  Lond,,  vol.  85  A,  p.  U6, 1911. 
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Omitting  these  local  strays,  it  is  found  that  the  rest  are  more 
numerous  during  the  night  than  during  the  day. 

Dr.  Eocles^  has  thus  described  the  phenomena  occurring  in 
connection  with  them  about  twihght.  He  says,  '*  Starting  to  Usten 
about  half  an  hour  before  sunrise,  tiie  strays  heard  in  the  telephone 
are  loud  and  numerous  and  much  as  they  have  been  all  night ;  then 
about  15  minutes  before  sunrise  a  change  sets  in,  the  strays  get 
weaker  and  fewer  rather  quickly,  till  at  about  10  minutes  before 
sunrise  a  distinct  lull  occurs  of  perhaps  a  minute's  duration.  At 
this  period  there  is  sometimes  complete  silence.  Then  the  strays 
begin  to  appear  again,  and  within  10  minutes  of  the  lull*  they  have 
settled  down  to  the  steady  stream  proper  to  the  daytime.  These 
day  strays  are  weaker  and  fewer  than  the  night  strays,  except  on 
rare  occasions.  The  lull  is  sometimes  very  pronounced,  and  at  other 
times  there  is  no  lull  at  all.  It  is  usually  more  marked  at  sunset 
than  at  sunrise.''     Similar  phenomena  occur  at  sunset. . 

Since  the  cessation  of  the  strays  is  a  local  effect  determined  by 
sunrise  or  sunset,  and  therefore  taking  place  progressively  as  the 
twilight  zone  sweeps  over  the  earth,  it  is  oovious  that  it  must  depend 
upon  some  condition  of  the  atmosphere  at  that  locality  at  that 
time.  For  strays  which  are  not  heard  at  a  place  where  the  sun  is 
setting  can  be  heard  by  going  a  short  distance  either  into  the  still 
daylight  area  or  the  night  area.  It  seems  probable  that  the  atmo- 
sphere may  be  regarded  as  roughly  divisible  into  three  layers  as 
regards  ionization.  There  is  an  upper  layer  permanently  in  a  state 
of  strong  ionization,  as  first  suggested  by  Heaviside.  This  may  be 
brought  about  not  chiefly  by  solar  ultra-violet  Ught,  but  by  the  pro- 
jection of  radiant  matter  such  as  electrons  from  the  stm,  in  virtue  of 
the  light  wave  pressure,  as  explained  by  Maxwell.  Then  below  this 
there  may  be  a  middle  region  which  is  ionized  by  sunlight,  in  which 
the  ionization  fluctuates,  being  considerable  by  day,  but  disappearing 
more  or  less  by  night.  In  the  lower  regions  there  is  also  a  fluctuating 
number  of  ions.  On  this  hypothesis  there  is  a  gradually  increasing 
number  of  ions  in  the  air  as  we  ascend,  and  therefore  a  certain  ionic 
gradient.  The  upper  or  permanently  ionized  layer  has  been  called 
the  Heaviside  layer,  and  we  may  call  the  region  beneath  it  in  which 
the  density  of  the  ions  varies  by  day  and  night  the  variable  layer. 
According  to  Eccles'  theory  the  ionic  gradient  in  the  variable  layer 
bends  round  the  electric  rays  emitted  from  any  long-distance  station, 
and  compels  them  to  follow  more  or  less  the  curvature  of  the  earth, 
and  hence  enables  long  distance  radiotelegraphy  to  be  conducted 
better  by  night  than  by  day.  The  same  effect  causes  the  increase  in 
the  number  of  strays  by  mght,  because  they  are  able  to  travel  from 
greater  distances,  and  affect  the  receiver  at  the  observing  station  to 
a  larger  extent.  The  upper  or  permanently  ionized  layer  may  act  as 
a  reflecting  layer  by  an  inverted  mirage  action,  and  hence  signals 
and  strays  reach  a  very  distant  point  by  an  action  which  resembles 
that  by  which  a  very  distant  conflagration  or  search-light  makes 
itself  visible  when  really  below  the  horizon  by  *'  lighting  up  the  sky," 
to  use  Dr.  Eccles'  expression. 

"  W.  H.  Booles,  **  On  the  Dinmal  VariAtions  of  Eleotrio  Waves  ocoorring  in 
Natnre,"  Proe,  Boy,  Soc.  Lond,,  vol.  87  A,  p.  79, 1912. 
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This  hypothesis  of  a  high  level  permanently  ionized  region  in  the 
air  is  not  merely  a  supposition  called  forth  by  phenomena  in  wireless 
telegraphy,  but  is  suggested  by  astronomical  and  meteorological  facts. 
Simon  Newoomb,  the  eminent  American  astronomer,  in  1901  made 
measurements  of  the  total  light  received  from  the  sky  on  moonless 
nights,  which  showed  it  to  be  in  excess  of  the  sum  of  that  received 
from  stars.  This  result  has  been  confirmed  by  other  observers. 
W.  W.  Campbell  showed  in  1895  that  a  certain  green  line  charac- 
teristic of  the  aurora  spectrum,  viz.  A  ==5770,  can  be  detected  on 
moonless  nights  in  all  parts  of  the  sky.  The  conclusion  is  that  there 
is  always  a  certain  aurora  glow  at  high  levels  which  indicates  strong 
ionization.  Prof.  A.  Schuster  (see  PhU,  Trans,  Roy.  Soc,,  vol.  208  A, 
p.  182,  1907)  finds  that  his  theory  of  the  dimrnal  variations  of  mag- 
netism demands  an  electric  conductivity  of  the  upper  air  of  the  order 
of  10-13  electromagnetic  units,  or  a  resistivity  of  10,000  ohms  per 
centimetre  cube  at  a  height  of  100  kilometres. 

In  an  interesting  paper,  **  On  Certain  Phenomena  accompanying 
the  Propagation  of  Electric  Waves  over  the  Surface  of  the  Globe," 
W.  H.  Eccles  ^  starts  from  this  deduction  of  Schuster,  and  assumes 
that  the  conductivity  is  inversely  as  the  pressure,  and  has  a  value 
of  10-24  electromagnetic  tmits  at  the  earth's  surface.  Taking  the 
number  of  ions  per  c.c.  as  10^  at  the  earth's  surface,  it  follows  that 
there  are  10^  per  c.c.  at  a  level  of  100  km. 

Dr.  Eccles  hence  deduces  that  the  quantity  ^  in  his  formula  (60) 
for  the  velocity  of  a  wave  through  ionized  air  (see  p.  845)  will  be  unity 
at  60  km.  high  for  waves  of  frequency  150,000,  and  at  40  km.  for 
waves  of  50,000  frequency. 

The  rate  at  which  the  wave  velocity  changes  becomes  very  great 
when  g  approaches  unity,  which  means  that  in  the  daytime  the 
downward  refraction  of  the  electric  rays  will  be  so  sharp  as  to 
amount  to  reflection. 

This  theory  therefore  shows  us  that  the  ionic  refraction  may 
either  enable  electric  waves  to  travel  further  round  the  earth's 
surface — in  other  words,  improve  long  distance  transmission — or  it 
may  do  the  reverse,  and  bring  them  down  to  the  earth  too  soon. 
Which  of  these  effects  will  take  place  depends  on  the  wave  length, 
and  upon  the  distance  and  upon  the  height  of  the  effective  ionic 
layer. 

The  theory  has  therefore  the  merit  that  it  is  capable  of  adapting 
itself  to  the  observations  which  are  made  in  many  ways  in  connection 
with  long  distance  radiotelegraphic  work. 

We  may  in  the  next  plaice  collect  together  here  some  of  the  well- 
ascertained  facts  with  regard  to  radiotelegraphic  signalling,  leaving 
out  of  account  for  the  moment  the  "  atmospheric  "  or  '*  stray  "  waves. 

Boughly  speaking,  one  may  say  that  ordinary  ship  transmitting 
and  receiving  apparatus  has  2  or  3  times  greater  range  by  night  than 
by  day  when  using  the  600  metre  wave  length.  This,  however,  is 
subject  to  great  irregularities  and  exceptions. 

Eor  much  longer  waves  the  difference  may  even  be  reversed. 

**  See  The  Electrician,  September  27,  1912.  This  paper  of  Dr.  Eoolee  was  a 
contribution  to  the  discussion  on  the  scientific  problems  of  wireless  telegraphy  at 
the  British  Association  at  Dundee  opened  by  the  author. 


BADIOTELEGRAPHIC  TRANSMISSION 


855 


Mr.  Marooni  stated  in  a  Eoyal  Institution  Leoture  (June  2, 1911)  that 
for  waves  4000  to  5000  metres  long  the  transatlantic  signals  are 
sometimes  stronger  by  day  than  by  night. 

He  has  also  noticed  in  the  signal  strength  very  marked  minima 
occurring  in  relation  to  the  times  of  sunrise  and  sunset  at  Clifden 
(Ireland)  and  Gape  Breton  (Nova  Scotia).  He  embraces  the  facts 
in  the  following  statement : — 

"  Waves  of  about  4000  metres  length  crossing  the  Atlantic  from 
west  to  east  yield  strong  and  steady  signals  all  day  at  Clifden,  which 
gradually  weaken  after  sunset  at  GUfden,  reaching  a  minimum  about 
1^  hours  afterwards.  The  signals  at  Glifden  then  gradually  increase 
in  intensity  till  after  sunset  at  Gape  Breton,  when  they  attain  a 
maximum  which  is  occasionally  very  high.     During  the  night  they 
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Fig.  16. — Gurvte  repreeenting  the  Dinmal  Variation  of  Signal  Strength  at 
Glifden  Marconi  Station  (Ireland),  due  to  Long  Electric  Wayes  ^6000  and 
7000  metres)  sent  ont  from  Gape  Breton  Marconi  Station  (Nova  Scotia)  as 
given  from  observations  by  Mr.  Marconi 

are  very  variable  in  strength.  Slightly  before  sunrise  at  Glifden  the 
signals  grow  stronger,  and  sometimes  pass  quickly  to  a  high  maximum. 
They  then  dwindle  to  a  marked  minimum  about  2  hours  after  sunrise 
at  Clifden,  and  then  return  to  the  normal  day  strength."  «>  These 
diurnal  variations  are  delineated  in  the  curve  in  Mg.  16,  which  is 
taken  from  the  lecture  of  Mr.  Marconi. 

It  appears,  therefore,  that  there  is  a  minimum  value  in  the  signal 
strength  when  the  shifting  boundary  line  between  light  and  dark  or 
day  and  night  has  reached  a  point  about  halfway  across  the  Atlantic. 

Eccles  has  confirmed  this  on  measurements  made  of  the  Glifden 

<•  See  Gommendatore  G.  Marconi,  on  Radiotelegraphy,  Proc,  Boy.  Institution, 
vol.  XX.  p.  202, 1911. 
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signals  in  London.  He  found  they  sink  to  a  minimum  value  at  about 
20  minutes  after  sunset  in  London — that  is,  when  the  sun  is  setting 
at  a  place  about  halfway  between  London  and  Clifden. 

It  appears  as  if  the  boundary  plane  between  darkness  and  light 
in  the  earth's  atmosphere  formed  by  the  cone  of  shadow  projected 
by  the  sun  acts  as  a  reflector  in  some  sense,  and  also  is  imperfectly 
transparent  to  the  long  electric  waves.  Eccles  explains  this  by  the 
suggestion  that  when  the  sunlight  is  withdrawn  partial  recomposition 
of  ions  takes  place,  but  owing  perhaps  to  the  manner  in  wluch  the 
positive  and  negative  ions  have  drifted  apart,  this  recomposition  is 
not  uniform,  but  there  are  patches-  or  clouds  of  ions  left  in  places. 
The  boundary  has  therefore  a  structure  something  like  transparent 
ice  filled  with  air-bubbles.  This  imparts  to  it  a  certain  opacity, 
because  light  is  lost  by  innumerable  reflections  and  refractions.  In 
the  same  way  the  boundary  zone,  where  sunrise  and  sunset  is  taking 
place,  becomes  by  this  want  of  ionic  homogeneitv  more  or  less  opaque 
to  the  long  electric  waves.  This  would  account  for  the  fall  in  intensity 
of  the  strays,  and  the  drop  in  signal  strength  when  such  boundary 
intervenes  between  sending  and  receiving  station.  In  other  cases  it 
seems  to  act  as  a  reflector,  and  strengthens  the  signals  when  it  comes 
behind  a  receiving  station,  and  on  the  opposite  side  of  it  to  the  send- 
ing station. 

Similar  observations  were  made  in  1912  by  Messrs.  Bound  and 
Tremellen  ^^  at  Chelmsfprd  (Essex,  England)  on  the  signals  arriving 
from  the  Marconi  stations  at  Clifden  (Ireland)  and  Glace  Bay 
(Nova  Scotia)  throughout  24  hours,  beginning  at  midday  (see 
Fig.  16). 

The  strength  of  signals  received  at  Chelmsford  remained  neaiiy 
constant  until  about  an  hour  before  sunset.  They  then  increased  in 
strength  very  quickly  to  about  four  times  normal  strength.  This 
happened  a  little  after  sunset  at  Clifden.  This  rise  was  followed  by 
a  sudden  fall  in  strength,  and  the  signals  reached  a  minimum  value 
about  an  hour  after  sunset  at  Clifden.  An  hour  later  a  very  sudden 
increase  set  in,  which  carried  up  the  signal  strength  to  9  or  10 
times  its  minimum  day  value.  This  continued  with  some  irregular 
variations  during  the  night.  About  an  hour  before  sunrise  at  Chelms- 
ford there  was  another  sudden  decrease  in  signal  strength,  followed 
again  by  a  rise,  and  then  by  a  fall  to  normal  day  strength  soon  after 
sunrise  at  Clifden.  The  strength  of  atmospheric  strays  followed 
nearly  the  same  variation  as  shown  in  the  lower  curve  of  Fig.  16. 

Other  observers,  such  as  G.  W.  Pickard,  have  noted  similar 
variations  of  signal  strength  at  times  at  or  near  sunrise  or  sunset 
at  either  the  sending  or  receiving  station.  It  seems  therefore  that 
when  the  boundary  surface  of  the  earth's  shadow  is  near  the  sending 
or  receiving  station  it  may  act  as  a  reflector,  and  strengthen  the 
signals.  Also  when  coming  between  the  sending  and  receiving 
stations  it  may  act  as  a  screen  and  weaken  the  signals. 

In  the  above-mentioned  Boyal  Institution  Lecture  on  June  2, 
1911,  Mr.  Marconi  also  called  attention  to  a  curious  difference  be- 
tween the  facility  with  which  signals  could  be  transmitted  at  about 
that   time  in   a  north-south  direction  and  an  east-west  direction. 
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See  The  Mcurconigraph,  vol.  ii.  p.  810, 1912. 
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The  former  is  greater  than  the  latter.**  Booles  explaUiB  this  hy  the 
aestuuption  that  the  ionio  dooda  whiob  lie  Id  the  houDdary  region  are 
of  the  natnte  of  thin  sheets  lying  parallel  to  the  shadow  boundary 


surface,  so  that  they  give   greater  transparency  in  that  region  in 
the  north-Bonth  direction  than  in  the  east-west  direction. 

In  evidence  given  before  a  Parliamentary  Committee  in  1913,** 

"  See  Commendalore  G.  Marooni  on  B«dioteIegrsphj,  Proc.  Royal  Inslittition, 
vol.  IX.  p.  203,  ISll. 

"  BenTtu  WireUu  World,  Jnne,  191S,  vol.  1,  p.  1B4, 191S. 
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Mr.  Marconi  again  stated  the  facts  as  regards  transatlantic  trans- 
mission as  follows : — 

"Although  as  a  rule  messages  can  be  sent  at  all  times  of 
the  day  and  night  between  Glifden  (Ireland)  and  Glace  Bay  (Nova 
Scotia),  there  still  exist  periods  of  fairly  regular  occurrence  during 
which  the  received  signals  are  at  a  minimum.  Thus,  in  the  morning 
and  evening,  when  in  consequence  of  the  difference  of  longitude  day- 
light or  darkness  extends  only  a  part  of  the  way  across  the  ocean 
the  signals  are  at  their  weakest. 

''  These  variations  seems  to  be  less  in  a  north-southerly  direction 
than  in  an  east-westerly  one. 


BUNSST      BUNSKT 
CLIFDBN      G.  BAT 


BCMRISI         SUVRISK 
CLIFDUI  G.  BAY 


MAY  1 


4         6eiOf2A4         68«0 

GRKBNWIOH  TDCI 

Fig.  17. — Mean  Monthly  Variation  in  Signal  Strength  of  Signals  exchanged 
between  the  Transatlantic  Marconi  Stations  at  Olifden  (Ireland)  and  Gape 
Breton  (Nova  Scotia)  (Marconi). 

**  The  strength  of  the  received  waves  remains  as  a  rule  steady 
during  the  daytime.  Shortly  after  sunset  at  Clifden  they  become 
gradually  weaker.  About  two  hours  later  they  are  at  their  weakest. 
They  then  begin  to  strengthen  again  and  reach  a  high  maximum 
about  the  time  of  sunset  at  Glace  Bay.  They  then  return  gradually 
to  normal  strength,  but  are  variable  through  the  night.  Shortly 
before  sunrise  at  Glifden  the  signals  begin  to  strengthen  again 
steadily  and  reach  another  high  maximum  shortly  after  sunrise  at 
Glifden.  The  received  energy  decreases  again  until  it  reaches  a 
very  marked  minimum  a  short  time  before  sunrise  at  Glace  Bay. 
After  that  the  signals  come  back  to  normal  day  strength." 
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In  addition  to  this  diurnal  variation  Mr.  Marconi  has  given  curves 
showing  the  monthly  variation  throughout  the  year  (see  Fig.  17)  in 
the  mean  value  of  the  transatlantic  signals.  Furthermore  super- 
imposed on  the  diurnal  and  monthly  changes  there  are  irregular 
variations  in  signal  strength  at  corresponding  times  during  the  day. 

If  observations  are  taken  of  the  signal  strength  received  from  any 
station  with  constant  sending  current  and  recorded  at  the  same  time 
of  the  day,  great  differences  will  be  found  in  signal  strength  from 
day  to  day. 

Thus  daily  observations  began  to  be  made  by  the  Author  in 
London  during  July,  1914,  of  the  strength  of  signals  received  from 
the  Eiffel  Tower  Station,  Paris,  at  11  a.m.  each  day.  These  obser- 
vations were  unfortunately  interrupted  by  tihe  European  War  in 
August,  1914. 

As  far  as  they  went  they  showed  that  there  was  a  curious  and 
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Fia.  18.— Curve  repreBenting  the  VariationB  in  Signal  Strength  from  day  to  day, 
observed  at  11  a.m.  for  Signals  from  the  Eiffel  Tower  Station,  Paris, 
measured  at  University  College,  London.  The  weather  at  London  and  at 
'  Paris  (FL)  is  indicated  opposite  each  day,  and  the  ordinates  of  the  curve  are 
proportional  to  the  current  in  the  receiving  antenna  at  London  reckoned  in 
microamperes. 

marked  fall  in  signal  strength  on  certain  days  and  rise  in  others  as 
represented  by  the  curve  in  Fig.  18.  Prof.  W.  H.  Marchant  had 
made  similar  observations  at  Liverpool  before  the  Author,  but  for 
details  of  his  work  we  must  refer  the  reader  to  his  interesting  paper 
on  ''  Conditions  affecting  the  Variations  in  Strength  of  Wireless 
Signals,"  Journal  of  the  Institution  of  Electrical  Engineers^  1916,  vol. 
63,  p.  329. 

In  addition  any  such  exceptional  changes  in  solar  illumination  as 
are  caused  by  solar  eclipses  have  been  found  to  affect  the  strength  of 
radiotelegraphic  signals. 

We  might  anticipate  that  when  the  lunar  shadow  sweeps  through 
the  earth's  illuminated  atmosphere  some  of  the  phenomena  that 
attend  the  daily  passage  of  the  earth's  shadow  are  repeated|;  particu- 
larly those  that  occur  on  the  boundary  surface.     For  some  remarks 
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on  this  matter  the  reader  may  be  referred  to  the  contribution  made 
hy  Dr.  Ecoles  to  the  discussion  at  Dundee  in  1912,  which  was  re- 
printed in  The  Electrician  for  September  27,  1912,  under  the  title 
**  On  Certain  Phenomena  Accompanying  the  Propagation  of  Electric 
Waves  over  the  Surface  of  the  Globe,"  to  which  we  are  indebted  for 
some  of  the  information  in  this  section. 

To  conclude,  we  may  say  that  as  regards  the  theory  of  long 
distance  radiotelegraphy  and  its  diurnal  and  secular  variations  none 
of  the  theories  so  far  proposed  seem  to  cover  the  facts  so  well  as  this 
theory  of  ionic  refraction  and  reflection.  Even  if  true  space  electric 
waves  diffiracted  round  the  earth  contribute  the  major  portion  to  the 
strength  of  day  signals  at  the  distant  receiving  station,  they  cannot 
explain  the  diurnal  variations. 

Much,  however,  remains  to  be  done  before  the  whole  of  the 
phenomena  are  accounted  for.  This  requires  the  assistance  of 
various  scientific  workers.  Hence,  in  opening  a  discussion  on  "  The 
Scientific  Theory  and  Outstanding  Problems  of  Wireless  Telegraphy," 
which  took  place  at  a  joint  meeting  of  sections  A  and  G  at  the 
British  Association  meeting  at  Dundee  in  September,  1912,  the 
Authof  concluded  by  suggesting  the  formation  of  a  British  Association 
Committee  to  guide  and  formulate  research  on  some  of  these  un- 
solved problems. 

The  suggestion  was  taken  up,  and  a  committee  was  formed 
containing  the  names  of  eminent  physicists,  mathematicians,  radio- 
telegraphists  and  meteorologists,  and  plans  were  at  once  arranged 
for  systematic  observations  on  atmospheric  stray  waves.  Much 
time,  however,  must  elapse  before  the  results  of  these  observations 
can  be  reduced  and  extracted. 

8.  The  Heasurement  of  Si^al  Strength  and  Antenna 
Carrents. — In  order  that  quantitative  measurements  leading  to  real 
knowledge  of  the  causes  of  variation  of  signal  strength  may  be  made 
it  is  necessary  to  be  able  to  measure  accurately  the  feeble  alternating 
electric  currents  set  up  in  the  antenna. 

These  currents  vary  from  about  5  to  30  or  40  microamperes  or 
more  for  good  decipherable  signals.  In  laboratories  or  stations 
where  steady  supports  can  be  obtained,  instruments  are  available 
such  as  the  Eipthoven  galvanometer  (see  Chap.  YU.,  §  22),  which 
enable  this  to  be  accurately  done.  On  board  ship  where  no  such 
steadiness  can  be  obtained  more  imperfect  methods  have  to  be  used, 
such  as  the  shunted  telephone  where  the  observer  judges  the 
strength  of  the  signals  by  gradually  reducing  the  resistance  of  a 
shunt  placed  across  the  terminals  of  the  telephone  until  the  signal 
sounds  just  cease  to  be  heard. 

The  theory  of  this  method  is  as  follows.  Let  T  be  the  impedance 
of  the  telephone  coils  and  S  the  resistance  of  the  non-inductive 
shunt  which  just  quenches  the  signal  sounds.  Let  Iq  be  the  current 
through  the  telephone  corresponding  to  this  just  audible  sound.  Let 
I  be  the  current  in  the  circuit  before  division  between  the  telephone 
and  shunt.    Then  we  have 
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Sinoe  Iq  may  be  considered  as  constant  for  the  same  observer,  we 
have  as  the  relative  measure  of  the  signal  strength  the  ratio  (T  >f*  S)/^- 
The  arrangement  can  be  calibrated  by  placing  the  shunted  telephone 
in  series  with  a  previously  calibrated  crystal  and  a  very  sensitive 
galvanometer.  The  shunted  telephone  method  is  at  best  a  rather 
rough  method  of  measurement. 

In  using  an  Einthoven  or  any  other  form  of  direct  current 
galvanometer  for  measuring  oscillations  it  has  to  be  placed  in  series 
with  a  rectifying  contact  or  crystal  detector,  or  else  an  oscillation 
valve. 

The  problem  which  then  presents  itself  is  to  calibrate  the 
measuring  instrument  so  as  to  interpret  the  deflections  in  terms  of 
microamperes. 

The  following  method  suggested  and  used  by  the  author  is 
convenient  and  easily  applied.  It  is  necessary  first  to  provide  two 
coils  which  may  be  flat  spirals  mounted  in  a  stand  so  that  they  can 
be  placed  at  various  known  distances  from  each  other  with  their 
axes  in  line  with  each  other. 

The  first  step  is  to  measure  their  mutual  inductance  by  the  Carey 
Foster  bridge  at  different  distances  and  to  delineate  this  by  a  curve. 
If,  then,  a  damped  or  undamped  oscillation  be  sent  throttgh  the 
primary  coil  the  B.M.S.  value  of  it  can  be  measured  by  a  hot-wire 
ammeter  placed  in  that  circuit.  Also  we  can  measure  by  a  sensitive 
hot-wire  ammeter  the  current  in  the  secondary  coil  when  the  coils 
are  placed  close  together.  If  they  are  moved  far  apart,  then,  although 
the  secondary  current  is  too  weak  to  be  directly  measured  on  the 
hot-wire  ammeter,  we  can  calculate  its  value  from  the  known 
primary  current  strength  and  the  decrease  in  mutual  inductance 
•  resulting  from  moving  the  coils  a  known  distance  apart. 

If,  then,  we  have  the  usual  coupled  receiving  circuit  and  an 
Einthoven  galvanometer  in  series  with  a  crystal  detector  shunted 
'across  the  variable  condenser  we  can  obtain  deflections  of  this 
galvanometer  when  signal  waves  fall  on  the  receiving  aerial.  We 
have  then  to  provide  a  means  of  creating  in  the  primary  coil  of  the 
two  mutual  inductance  coils  trains  .of  oscillations  of  the  same  oscil- 
lation and  group  frequency  as  those  of  the  received  radiotelegraphic 
waves  to  be  measured.  This  is  done  by  means  of  a  buzzer  which 
is  a  form  of  rotating  contact  maker  driven  by  an  electric  motor,  the 
number  of  contacts  per  second  being  adjustable.  A  battery  charges 
a  condenser  C3  of  variable  capacity,  and  when  the  buzzer  makes 
contact  this  condenser  discharges  with  oscillations  of  known  and 
adjustable  frequency  through  the  primary  coil  L4  (see  Fig.  19)  and 
creates  trains  of  oscillation. 

These  induce  feebler  secondary  oscillations  in  the  secondary  coil 
L3  which  flow  through  the  primary  coil  L|  of  the  receiving  jigger, 
and  then  again  induce  other  oscillations  in  the  receiving  circuit  L2 
which  includes  the  Einthoven  galvanometer.  The  measurement 
then  consists  in  creating  in  the  primary  coil  of  the  jigger  L^ 
oscillations  of  known  B.M.S.  value  which  create  the  same  deflection 
of  the  Einthoven  as  do  the  wireless  signals.  We  can  thus  deduce 
from  observations  made  with  the  galvanometer  G  (see  Fig.  19), 
placed  in  the  circuit  which  includes  the  coil  L4,  the  true  value  of  the 
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current  in  the  coil  L^  which  gives  this  equal  deflection,  and  therefore 
it  must  be  identical  with  the  antenna  current.  The  process  is 
therefore  a  substitutory  one,  and  if  the  buzzer  and  buzzer  circuit 
is  adjusted  to  equal  oscillation  and  group  frequency  it  gives  the 
value  of  the  antenna  current.  The  scheme  of  the  connections  and 
apparatus  will  be  understood  from  Fig.  19.  It  is  necessary  to  know 
the  spark  or  group  frequency  of  the  station  sending  the  menage 
signals  and  also  the  wave  length  of  the  same. 

Working  in  this  manner  an  arrangement  can  be  made  for 
measuring  the  mean  strength  of  the  antenna  current  for  certain 
signals  sent  out  from  any  station.     In  experiments  carried  out  by 
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FiQ.  19. — Arrangement  of  Circuits  for  measuring  with  an  Einthoven  Galvano- 
meter the  Receiving  Antenna  Current  producmg  Signals  of  a  certain  strength 
(Fleming).    A,  antenna ;  G,  thermal  galvanometer. 

the  author  in  July,  1914,  the  antenna  current  of  the  University 
College  receiving  station  was  thus  measured  for  signals  sent  out  at 
11  a.m.  from  the  Eififel  Tower,  Paris,  and  the  ordinates  of  the  irregular 
line  in  Fig.  19  show  the  relative  strength.^  It  will  be  seen  that  they 
vary  greatly  from  day  to  day.  The  same  kind  of  variation  in  signal 
strength  was  found  by  Prof.  E.  W.  Marchant  in  experiments  the 
year  previously .^^ 

With  regard  to  the  other  methods  of  measuring  the  feeble 
receiving  antenna  currents  it  may  be  mentioned  that  M.  Henri 
Abraham,  in  Paris,  has  constructed  some  very  sensitive  moving  coil 
galvanometers  with  very  narrow  small  coils  of  400-500   turns  of 

**  See  remarks  by  the  author  in  a  discussion  on  the  strength  of  wireless 
signals,  Journal  of  the  Institution  of  Eleetrical  Engineers^  London,  voL  5S, 
p.  346,  1916. 

«""  See  E.  W.  Marchant,  Joum.  Inst,  Elec,  Eng,,  vol.  58,  p.  329,  llfl6. 
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extremely  fine  wire;  these  coils  being  in  a  very  strong  magnetic 
field.  With  these  he  has  been  able  to  obtain  quite  large  deflections 
with  1  microampere,  and  has  been  able  to  measure  at  Arlington, 
near  Washington,  U.S.A.,  the  receiving  antenna  current  created  by 
the  Eiffel  Tower,  Paris,  sending  station. 

In  comparison  with  the  above  galvanometer  methods  the  method 
with  the  shunted  telephone  is  relatively  very  much  less  accurate.  In 
fact  the  latter  should  be  applied  with  considerable  caution,  and 
especially  in  comparisons  made  on  different  days  or  at  different 
times  during  the  same  day.  It  depends  upon  the  reduction  of  a 
telephonic  sound  to  just  audible  frequency,  and  is  therefore  affected 
by  every  change  in  the  observer's  hearing  and  by  slight  noises  in  the 
vicinity.  For  some  additional  information  on  the  measurement  of 
signal  intensity  the  reader  may  refer  to  an  article  on  this  subject  by 
Mr.  J.  L.  Hogan,  Junr.,  in  The  Marconi  Year  Book  of  Wireless  Tele- 
graphy for  1916,  p.  662. 

Some  further  references  to  measurements  on  the  variation  of 
signal  strength  are  as  follows  : — 

A.  H.  Taylor,  "  Badiotransmission  and  Weather,"  The  Electrician, 
vol.  73,  p.  45,  June  19,  1914 ;  also  Electrical  World  of  New  York, 
vol.  62,  p.  425. 

n.  Hosier,  EleJc.  Zeitschrift,  August,  1913,  describes  measurements 
made  with  signals  from  Norddeich  and  a  station  420  kms.  east  of  it. 

The  ratio  of  day  to  night  strength  was  greatest  in  spring  and 
autumn  and  least  in  June. 

It  has  also  be^n  known  for  a  long  time  that  over  large  land  areas 
the  signal  strength  is  greatest  in  winter  and  least  in  summer  for 
signals  sent  with  constant  sending  antenna  current.  Dr.  L.  W. 
Austin  has  given  (see  Proc.  Insiitvte  of  Radio-Engineers,  U.S.A., 
vol.  iiL,  June,  1915)  a  curve  showing  the  annual  variation  observed  at 
the  Bureau  of  Standards,  Washington,  for  signals  coming  from  radio 
stations  at  Philadelphia  and  Norfolk  navy  yards.  The  waves  were 
1000  metres  in  length  and  the  spark  frequency  1000  and  sending 
antenna  currents  10  amperes.  The  distances  were  185  and  235  kms. 
respectively.  All  other  conditions  remaining  the  same,  it  was  found 
that  the  receiving  antenna  currents  were  nearly  twice  as  great  in 
December  as  in  July.     The  transmission  was  overland  all  the  way. 


CHAPTER  X 

RADIO  TELEPHONY 

1.  The  Problem  of  Radiotelephony. — Before  the  invention  of  the 
methods  of  radiotelephony  described  in  this  chapter,  attempts  had 
been  made  vrith  some  degree  of  success  to  transmit  articulate  speech 
over  moderate  distances  without  the  aid  of  a  connecting  wire. 

In  addition  to  methods  depending  upon  the  induction  of  currents 
between  distant  circuits  and  their  conduction  through  the  earth,  a 
method  to  which  the  attention  of  Sir  William  Preece  and  Sir  John 
Gavey  and  others  was  at  one  time  directed,  another  method  was 
worked  out  based  upon  a  peculiar  property  of  selenium  of  varying 
its  resistance  imder  the  action  of  light,  and  of  the  continuous-current 
electiic  arc  of  varying  the  intensity  of  its  light  when  a  periodic 
current  is  superimposed  upon  the  continuous  one  operating  the  arc. 
This  last  method  was  the  subject  of  much  laborious  work  by 
E.  Ruhmer,  of  Berlin.i 

The  above  methods  have,  however,  a  very  limited  field  of  appli- 
cation. The  inductive  method  labours  under  the  disadvantage  that 
the  mutual  induction  between  two  circuits  decreases  very  rapidly  with 
the  distances,  varying  almost  inversely  as  the  cube  of  the  distances, 
and  the  method  depending  upon  the  use  of  an  arc  lamp  is  interfered 
with  by  daylight  and  by  fog.  We  shall  confine  our  attention,  there- 
fore, in  this  chapter  to  the  details  of  the  method  employing  electro- 
magnetic  waves  which  gives  the  greatest  promise  of  ultimate  utilicy, 
and  is  now  generally  called  radioMtphony, 

Radiotelephony  consists,  therefore,  in  the  transmission  to  a 
distance  of  cuiiiculate  speech  through  space  without  wires  by  means 
of  electromagnetic  waves,  as  distinguished  from  radiotelegraphy, 
which  is  the  transmission  of  intelligence  by  means  of  arbitrary  signs, 
whether  audible  or  visible. 

As  soon  as  radiotelegraphy,  as  conducted  by  the  methods  already 
described  in  previous  chapters,  had  made  a  certain  progress,  inventors 
naturally  had  their  minds  turned  to  the  problem  of  the  transmission 
of  articulate  speech  by  the  same  means.  It  soon  became  clear, 
however,  that  the  attainment  of  any  practical  success  was  bound  up 
with  the  invention  of  a  transmitter  for  producing  undamped  electric 
radiation  and  upon  a  receiver  which  should  be  quantitative  in  action ; 
that  is  to  say,  one  not  merely  set  in  operation  by  osciUations  like  a 
coherer,  but  producing  an  effect  proportional  to  the  amplitude  of  the 
waves  incident  on  the  receiving  antenna.  The  oscillation  detector 
to  be  used  in  connection  with  radiotelephony  must,  therefore,  be  of 

^  For  a  detailed  account  of  this  work  the  reader  is  referred  to  Herr  Rohmer's 
book  Wireless  Telephony.    English  translation  by  Dr.  Erskine-Morray. 
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such  a  character  that  it  is  capable  of  varying  the  current  through  a 
telephonic  receiver  in  exact  correspondence  with  the  variations  of  air 
pressure  due  to  the  speaking  voice  taking  place  in  proximity  to  the 
particular  telephonic  l^ansmitter  employed  at  the  sending  station. 

In  electric  telephony  conducted  with  wires,  the  apparatus  usually 
employed  consists  of  a  transmitter  of  the  microphone  type,  and  a 
receiver  of  the  Bell  or  magnetic  type.  For  instance,  in  the  simplest 
form  of  short  distance  transmitter  and  receiver,  a  microphone  trans- 
mitter consists  of  a  metal  diaphragm  which  is  set  in  vibration  by  the 
variations  of  the  air  pressure  tieiking  place  in  proximity  to  the  mouth 
of  the  speaker  uttering  near  it  articulate  words.  Connected  to  the 
diaphragm  is  some  mechanism  by  which  an  imperfect  contact 
between  carbon  surfaces  is  altered  by  pressure.  In  the  ordinary 
type  of  granular  carbon  microphone  the  movements  of  the  diaphragm 
due  to  the  vibrations  of  the  air  produced  by  the  voice  are  made  to 
press  more  or  less  together  small  fragments  of  graphitic  carbon  con- 
tained in  a  shallow  chamber,  and  so  alter  the  electric  conductivity  of 
the  mass.     This  variable  carbon  resistance  M  (see  Fig.  1)  is  placed  in 


Pig.  1. 

* 

sisries  with  a  few  voltaic  cells,  B,  and  with  the  primary  circuit  of  a 
small  induction  coil,  T.  One  end  of  the  secondary  circuit  of  the 
induction  coil  is  connected  to  one  of  the  line  wires,  L,  and  the  other 
to  the  earth  or  to  a  duplicate  line  wire  if  a  complete  metallic  circuit 
is  employed.  At  the  receiving  end  the  current  in  the  line  passes 
through  magnetizing  coils  which  are  placed  on  the  polar  extremities 
of  a  permanent  magnet,  and  close  to  these  poles  is  held  a  thin 
flexible  sheet-iron  diaph^ragm.  When  the  variable  current  passes 
through  the  magnetizing  coils,  the  diaphragm  is  more  or  less  drawn 
in  and  its  vibrations  therefore  reproduce,  and  are  similar  to,  the 
variations  of  the  current  in  the  Ime  wire.  If,  then,  an  articulate 
sound  is  created  near  the. diaphragm  of  the  transmitter,  there  will  be 
variations  of  air  pressure  which  may  be  represented  by  the  ordinates 
of  a  periodic  curve.  In  the  case  of  a  purely  musical  sound  this 
curve  approximates  in  form  to  a  simple  sine  curve,  but  for  any  sound 
such  as  a  vowel  sound  the  form  of  the  curve  will  be  complicated 
and  periodic  if  the  vowel  sound  is  continued.  In  Fig.  2  are  shown 
curves  taken  with  a  Duddell  oscillograph  which  represent  the  varia- 
tion of  current  through  a  telephonic  circuit  when  the  various  sounds 
are  being  made  against  the  diaphragm  of  the  transmitter.  It  will 
be  seen  that  these  curves  are  periodic  and  yet  very  irregular.  By 
Fourier's  theorem  these  complex  curves  can  be  resolved  into  the 
sum  of  a  number  of  simple  periodic  curves  or  sine  curves  of  different 
frequency  and  amplitude,  these  component  sine  curves  differing  from 
one  another  in  phase.    These  curves,  therefore,  confirm  von  Helm- 
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.  3. — OaciUc^nriuiis  or  Wave  Forma  of  Various  Soands  taksn  with  tlie 
Osaillograpl)  b;  Mr.  W.  Duddell,  F.R.8. 


RADIOTELBPHONY  86*7 

holtz's  celebrated  synthesis  of  the  vowel  sounds.  In  the  case  of 
articulate  sounds,  variations  in  air  pressure  are  non-repetitive,  but 
they  can,  nevertheless,  be  represented  by  the  ordinates  of  a  single 
valued  curve.  Thus,  for  instance,  in  speaking  to  a  phonograph  the 
voice  creates  variations  of  air  pressure  in  front  of  the  speaking 
diajphragm  and  at  the  back  of  this  diaphragm,  or  connected  with 
it  by  a  system  of  levers,  is  a  delicate  cutting  tool  which  carves 
out  upon  the  surface  of -the  revolving  plastic  cylinder  or  disc  which 
forms  the  receiving  surface,  a  little  channel  or  groove  the  bottom 
of  which  is  irregular,  the  clepth  of  this  groove  corresponding  from 
instant  to  instant  to  the  variations  of  air  pressure  produced  against 
the  diaphragm  by  the  vocal  organ.  If,  therefore,  a  section  could  be 
made  of  this  groove  and  the  outline  at  the  bottom  enlarged,  it  would 
present  the  appearance  of  a  very  irregular  non-repetitive  curve,  each 
change  in  the  ordinate  of  which,  however,  corresponds  to  a  change  in 
air  pressure  of  the  air  in  front  of  the  diaphragm  against  which  speech 
is  being  uttered,  and  which,  therefore,  has  a  vocal  signification. 

In  the  curves  shown  in  Fig.  2,  certain  vowel  sounds  produced  in 
conjunction  with  a  consonantal  sound  are  exhibited. 

The  problem  of  telephonyis  therefore  to  cause  someother  diaphragm 
at  a  distonce  to  be  moved  from  instant  to  instant  in  a  similar  manner 
to  that  of  the  diaphragm  against  which  speech  is  being  made.  This 
receiving  diaphragm  will  then  reproduce  at  the  distant  end  the  same 
variations  of  air  pressure  as  those  which  actuated  the  transmitting 
diaphragm,  and  the  human  ear  placed  in  proximity  to  the  receiver 
will  therefore  hear  the  speech  being  made  at  the  distant  place.  In 
telephony  with  wires  the  movements  of  the  transmitting  diaphragm 
are  made  to  translate  themselves  into  corresponding  variations  in  the 
strength  of  an  electric  current  in  the  connecting  wire  by  means  of 
the  variation  in  resistance  which  takes  place  when  carbon  surfaces 
are  more  or  less  pressed  together,  and  the  re-translation  of  this 
variable  electric  current  into  the  movement  of  a  receiving  diaphragm 
is  made  to  take  place  by  means  of  the  variations  in  the  polar  strength 
of  a  magnet,  which  result  when  an  electric  current  of  varying  strength 
circulates  round  these  magnetic  poles. 

To  achieve  radiotelephony,  we  remove  the  interconnecting  wire 
and  substitute  for  it  a  train  of  eleotromagnetic  waves  passing  through 
space.  These  waves  must  be  either  undamped  trains  or  else  trains 
of  closely  sequent  waves  with  the  train  or  group  frequency  greater 
than  about  40,000  per  second.  We  have  then  to  modulate  the  ampH- 
tude  or  wave  length  by  the  speaking  voice  at  the  transmitting  end. 
At  the  receiving  end  we  must  cause  these  waves  of  variable  ampUtude 
to  actuate  a  mechanism  which  shall  cause  them  to  set  in  vibration 
a  receiving  diaphragm,  so  that  its  displacements  create  aerial  vibra- 
tions which  reproduce  in  wave  form  those  which  are  being  made 
against  the  diaphragm  of  the  transmitting  instrument. 

We  have  therefore  to  consider,  first,  the  arrangements  for  generating 
the  required  electric  waves  in  the  transmitter ;  secondly,  the  means 
for  modulating  the  amplitude  of  these  waves  in  accordance  with  the 
wave  form  of  articulate  speech ;  and,  thirdly,  the  arrangements  for 
receiving  these  electric  waves  of  variable  amplitude,  and  causing 
them  to  affect  a  speaking  telephone. 
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Sending  and  receiving  antennas  at  the  two  stations  are  requisite, 
as  in  connection  with  radiotelegraphy,  to  radiate  and  to  absorb  the 
electromagnetic  waves.  Owing  to  the  divergence  of  this  wave 
energy,  and  to  the  small  fraction  of  the  emitted  power  which  is 
captured  by  the  receiving  antenna,  it  is  necessary  to  modulate  or 
control  much  larger  currents  in  radiotelephony  than  it  is  in  con- 
nection with  telephony  with  wires.  The  difficulties  still  outstanding 
in  radiotelephony  are  largely  those  of  modulating  large  high-frequency 
currents  by  means  of  some  form  of  speaking  microphone  as  described 
in  the  following  sections. 

2.  Methods  for  Generating  Undamped  High  Frequenoy 
OscillationB  for  Radiotelephony. — For  the  accomplishment  of 
radiotelephony  it  is  most  desurable,  though  not  absolutely  necessary, 
that  the  generator  should  create  steady  undamped  oscillations  in  the 
sending  antenna,  and  the  amplitude  or  wave  length  of  these  waves  is 
then  varied  in  accordance  with  the  wave  form  of  the  speech  sound. 

We  have  already  described  in  Chap.  I.  various  methods  for  the 
production  of  such  waves  by  means  of  high  frequency  alternators  or 
an  electric  arc.     Hence  this  information  need  not  be  repeated. 

An  essential  condition  of  success  in  the  transmission  of  articulate 
speech  by  electromagnetic  waves  is  that  there  should  be  no  interrup- 
tions in  the  uniform  flow  of  the  oscillations,  at  least  not  below  such 
a  frequency  as  forms  the  upper  limit  for  the  creation  of  the  sensation 
of  sound.  If  regular  vibrations  are  set  up  in  the  air,  these  are  appre- 
ciated as  sound  by  the  normal  ear,  if  they  lie  in  frequency  between 
about  40  and  20,000  per  second.  Human  ears  vary,  however,  a  great 
deal  in  the  value  of  the  highest  frequency  which  can  be  heard  as 
sounds.  As  regards  musical  sounds,  the  highest  note  employed  in 
music  does  not  generally  exceed  in  frequency  4000  or  5000.  If  then, 
intermittent  trains  of  damped  waves  were  employed,  even  if  the 
frequency  of  the  trains  were  as  much  as  4000  or  6000,  they  would 
afifect  the  oscillation  detector  at  the  receiving  station  and  produce  in 
any  telephone  connected  vdth  it  a  musical  sound  of  high  pitch  which 
would  drown  out  the  variations  of  lesser  frequency  constituting 
articulate  speech.  Hence,  if  an  alternator  pioducing  alternating 
current  having  a  frequency  less  than  20,000  were  connected  to  a 
radiating  antenna,  it  is  probable  that  most  persons  would  hear  a 
sound  in  a  telephone  connected  to  an  electrolytic  oscillation  detector 
in  a  corresponding  receiving  antenna.  If,  however,  the  frequency 
were  forced  above  20,000  most  persons  would  probably  hear  no 
sound.  We  may  say,  therefore,  that  to  be  of  practical  use  in  radio- 
telephony, a  high-frequency  alternator  should  give  a  current  having 
a  frequency  of  not  less  than  30,000,  and  preferably  of  40,000  or 
50,000.  We  have  already  seen  in  Chap.  I.  that  to  obtain  such  fre- 
quencies by  a  simple  single  phase  alternator  means  rather  a  high 
speed  of  revolution.  Hence  it  is  not  generally  possible  to  employ  a 
wound  armature  or  rotor.  The  machine  must  be  an  inductor  alter- 
nator to  secure  good  balancing  in  the  rotating  part.  There  is  then 
some  difficulty  in  obtaining  an  alternating  current  of  pure  sine-wave 
form,  and  hence  more  difficulty  in  raising  voltage  by  resonance. 
Although  early  experiments  were  made  by  B.  A.  Fessenden  with 
small  alternators  of  Mordey  type  driven  at  very  high  speeds  by  means 
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of  »  De  Leval  steam  turbine  (see  Fig.  11,  Chap.  I.),  the  mechaDical 
difficulties  involved  were  very  great.  These  have  been  partly  over- 
come in  more  modem  high-speed  alternators,  such  as  that  of  Alex- 
andersoD,  and  the  invention  of  the  (roldschmldt  frequency -raising 
alternator  (see  Chap.  I.)  provided  a  new  means  of  obtaining  the 
necessary  high-frequency  currents.  On  the  other  band,  the  inveiition 
of  methods  by  which  static  transformers  can  be  used  to  Increase 
frequency,  as  explained  in  Chap.  I.,  renders  it  possible  to  employ 
alternators  of  moderate  frequency,  say,  10,000,  which  are  not  difficult 
to  construct,  and  then  to  raise  this  by  static  transformers  by  the 
method  of  Joly  to  20,000  or  40,000.  A  quadrupling  of  the  frequency 
by  this  means  is  in  practical  use,  and  has  been  found  to  be  a  con- 
venient method  for  generating  the  required  frequency. 


[R^nduredfnwi  ■•  KIcclrical  iagirmnng"  iif  April  a,  imiS.  ftjrpTiiiuiDne/lV  fVopriftori. 
PlO.  3, — PouUan  Arc  Transmitter  for  Radiotelephone. 

In  pioneer  experiments,  owing  to  the  less  initial  outlay,  experi- 
mentaUsts  have  generally  employed  for  radJotelegraphy  some  form 
of  arc  generator. 

Thus  V.  Poulsen  conducted  radiotelegraphy  with  a  carbon-copper 
electric  arc,  working  in  an  atmosphere  of  hydrogen  and  in  a  strong 
magnetic  field  as  the  generator.  His  apparatus  has  been  already 
described  in  §  14  of  Chap.  I.  To  avoid  the  necessity  of  water  cooling 
and  the*  provision  of  hydrogen  or  coal  gas  for  the  arc  chamber  the 
apparatus  was  modified  as  follows :  The  metal  box  in  which  the 
arc  bums  was  constructed  with  radiator  flanges  so  as  to  employ  air 
cooling.  Id  place  of  gas  methylated  spirit  or  some  volatile  hydro- 
carbon liquid  was  introduced  drop  by  ifcop  into  the  box  through  an 
arrangement    like  a    sight-feed   lubricator  (see  Fig.  3),      By  the 
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employment  of  several  arcs  in  series,  it  is  possible  to  obtain  high 
voltage  and  small  currents. 

Instead  oi  placing  the  arc  in  a  strong  magnetic  field  and  enclos- 
ing it  in  an  atmosphere  of  hydrogen  or  hydrocarbon,  it  has  been 
found  that  fair  results  can  be  obtained  by  the  use  of 
a  number  of  arcs  in  series  burning  in  air,  or  at  any  rate 
in  an  atmosphere  deprived  of  oxygen.     It  has  already 
been  explained  in  Chap.  I.,  §  14,  that  the  characteristic 
curve  of  a  continuous  current  arc  is  steeper  for  small 
currents  than  for  large  ones.     If  a  number  of  electaric 
^^^^^     arcs  taking  a  small  current  are  joined  in  series,  and  a 
^^^^^^^"^o^     condenser  circuit  possessing  inductance  shunted  over 
the  whole  number,  oscillationB  will  be  created  in  this 
circuit.     A  possible  arrangement  is  as  foUows : — 

A  copper  tube  has  a  concave  bottom  fixed  to  it,  and 
this  tube  is  filled  with  water  to  keep  it  cool.  The  tube 
forms  the  positive  terminal  of  the  arc.  The  negative 
terminal  is  formed  by  a  solid  carbon  rod  C,  and  the  arc 
is  struck  in  the  cavity  formed  by  the  recessed  end  of 
FiQ.  4.  the  copper  tube  T  (see  Fig.  i).  Six  or  twelve  such 
tubes  may  he  arranged  in  a  row  or  two  rows,  and  a 
number  of  carbon  rods  attached  to  a  lever  with  an  adjostment  such 
that  each  carbon  rod  can  be  moved  up  or  down  independently  at 
pleasure,  or  the  whole  number  moved  together  slightly  downwards 
by  means  of   a  touch  on   a  single  lever  (see  Pig.  6).     By  this 


Fio,  S. — Multiple  Arc  AppnnitDB  for  the  production  of  Peraiatant  OsaQlatiom. 
mechanism  all  the  carbons  can  be  put  in  contact  with  the  concave 
copper  anodes,  and  then  by  one  movement  all  the  arcs  are  struck 
together.  The  carbon  rode  and  copper  cylinders  are  connected  up  in 
series,  so  that  a  current  passing  through  them  all  forms  an  arc 
between  the  carbon  tips  and  the  concave  copper  roof  above  it,  and 
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these  arcs  are  controlled  simultaneously.  A  very  similar  arrange- 
ment of  the  author's,  in  which  a  series  of  arcs  are  formed  in  oil 
vapour,  has  been  described  in  Chap.  I.  (see  Fig.  91). 

In  place  of  a  number  of  carbon -copper  arcs  in  series,  E.  Buhmer 
has  found  it  possible  to  use  a  single  arc  produced  by  a  high-tension 
continuous  current  between  aluminium  wires.  Two  bobbins  of  square- 
sectioned  aluminium  wire  are  provided,  and  these  wires  are  caused 
to  travel  slowly  over  two  insulated  pulleys  in  such  fashion  that  the 
wires  at  one  place  are  separated  by  a  few  millimetres.  These  wires 
are  connected  to  a  series  of  secondary  cells  giving  a  voltage  of  2000 
volts  or  upwards.  Between  these  wires  a  high-tension  aluminiiim 
arc  is  formed.  If  this  arc  is  shunted  by  a  condenser  and  inductance, 
then  in  the  latter  circuit  persistent  or  undamped  electric  oscillations 
are  set  up.  These  can  be  employed  to  create  other  oscillations  by 
induction  in  a  coupled  antenna,  and  the  antenna  oscillation  modulated 
by  a  microphone. 

Several  variations  of  the  arc  generator  have  been  tried.  Thus, 
in  France  Colin  and  Jeance  conducted  radiotelephony  using  as  arc 
electrodes  thin  carbon  discs  in  an  atmosphere  of  acetylene  and 
hydrogen  in  certain  proportions,  which  reduces  the  wear  of  the 
carbons  to  practically  nothing.  They  also  dispensed  with  the 
magnetic  field  used  by  Poulsen. 

In  the  United  States  A.  A.  Jahnke  has  employed  an  electric  arc 
with  carbon  and  copper  electrodes  imder  liquid  alcohol. 

In  Italy  Yanni  used  a  Moretti  arc,  in  which  an  electric  arc  is 
formed  between  a  copper  electrode  and  a  water  surface  (see  Chap.  I., 
§14). 

In  Japan  three  inventors,  Messrs.  Torikata,  Yokoyama,  and 
Kitamura  (T.Y.K.  system),  have  devised  a  generator  in  which  a  con- 
tinuous current  of  aoout  0'2  ampere  is  passed  between  electrodes  of 
magnetite  (oxide  of  iron)  and  brass.  These  electrodes  are  small  fiat 
surfaces  of  about  1  square  cm.  in  area.  The  distance  between  them 
is  regulated  by  an  electromagnetic  mechanism  like  an  arc  lamp. 
The  voltage  employed  is  500.  These  electrodes  are  shunted  by  a 
circuit  having  a  capacity  of  about  005  mfd.  and  also  inductance  in 
series.  In  this  last  circuit  high  frequency  oscillations  are  created. 
The  inventors  consider  that  the  discharge  between  the  electrodes  is 
more  of  the  nature  of  a  very  rapid  series  of  electric  sparks  than  a 
true  arc. 

We  can  also  employ  as  a  generator  of  undamped  electric  oscilla- 
tions the  double  anode  thermionic  amplifier  or  modified  Fleming 
valve,  which  has  been  described  as  a  receiver  or  detector  in  Chap.  YI., 
§  15  (Fig.  48).  In  this  appliance  we  have  an  exhausted  glass  bulb 
containing  a  metallic  filament  which  can  be  rendered  incandescent 
by  a  local  battery.  We  have  also  two  cold  metal  anodes,  one  a  grid 
and  the  other  a  metal  plate.  These  are  carried  on  separate  insulated 
terminals  sealed  through  the  glass.  The  arrangement  and  connec- 
tions when  used  as  a  receiver  have  been  shown  in  Fig.  48,  Chap.  YI. 
It  has,  however,  been  found  that  this  thermionic  detector  can  also  be 
used  as  a  generator  of  undamped  electric  oscillations  as  follows : — 

Let  A  ^see  Fig.  6)  be  an  antenna  having  in  series  with  it  the 
primary  coil  Pj  of  a  transformer,  and  let  the  secondary  coil  S^  have 
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mutuaUy  sustaining  and  reacting  oscillatory  'circuits.  ;.This  last 
method  ia  suitable  for  short  or  moderate  distance  radiotelephony. 
and  especially  so  in  the  case  of  ship  commumcatioaB.     It  seems 


quite  possihle  that  some  such  uietbod  of  oeciUation  generatiou  will 
come  into  eittensive  commercial  use  as  it  is  simple  and  easy  to  use, 
and  requires  only  a  supply  of  electricity  at  constant  potential  for  the 
incandescent  filament. 


